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Abstract

This thesis describes an investigation into theaiot® on charophytes of four
selected aquatic herbicide and a mycoherbicideymtsdcurrently used or under
development in New Zealand for alien invasive aguptant management. Of
particular interest was the charophyte responseh wéspect to oospore

germination, germling susceptibility and speciespomse.

In New Zealand, charophytes are native submergegti@qgplants which are
recognized as beneficial components of lake ecesyst They form dense
meadows on the lake sediment and are rapid colsnésethey are the first plant
to recolonise a lake after a disturbance event.r@pgtes produce oospores
(seeds) which can remain dormant in seed bankd suitable germination
conditions are met. New Zealand lake sedimentsagora seed bank which is
dominated by charophyte oospores. Alien invasivantsl severely impact
charophytes by rapidly forming tall, dense mono#mecstands which can

displace and completely replace the native vegetati

Chemical weed control in New Zealand is limitedtétoo aquatic herbicides,
diquat and endothall, which are currently registdog use on submerged aquatic
weeds in lakes and waterways. Fluridone, whichigely used in the USA, is not
currently registered for commercial use in New Zadl but has been used in
several New Zealand studies. More recently, theldg@wment of a mycoherbicide,
an inundative biological control, using a formuthteaturally occurring aquatic
fungus has been trialed in the USA and New Zealdhe. effects of these four

products on charophytes were investigated in thuglys Chelated copper was



included as a control, as it is known to contraja&l, including charophytes

overseas.

For this research, lake sediment was collected fitee New Zealand lakes and
combined to give one mixed seed bank material @wknoospore density and
composition. There were two types of charophyte egrments; germination
experiments and germling experiments. Two gernonaéxperiments examined
different scenarios for herbicide treatments uradgrtrolled temperature and light
conditions. Oospores were either retained in sedtinoe directly exposed to
treatment. Two germling experiments examined gewgnlsusceptibility to
herbicide treatments under outdoor conditions al agecontrolled temperature
and light conditions. The second germling experimarcluded a known
charophyte control treatment (chelated copper camgp and a known target
invasive plant llagarosiphon major control treatment for the herbicides.
Herbicide treatment doses started at the maximural leate and decreased in

concentration across a dilution series.

Results from this research indicate that oosporenigation was not negatively
impacted by any of the herbicide treatments or sladthough some species-
specific sensitivity was evident. However, furtihesearch into species sensitivity
is required to ascertain if the sensitivity was doeherbicidal effects or a
combination of naturally occurring factors and wtret implications of sensitivity
are for weed management. For the germling expetsmam negative effects were
observed for the duration of the study. These tefidve positive implications for

field application of herbicides, indicating thatetlyounger charophyte growth



stages (oospores and germlings) were unaffectatiebtype of herbicide used at

any potential field application rate.
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Preface

This thesis begins with a Literature Review (Chafje which describes aquatic
plants, specifically New Zealand native and adwentsubmerged plants. In
Chapter 1 there is also a review of invasive weewlrol in New Zealand, in

particular the chemical and biological control nweth. The objectives and
hypotheses for the research described in the follpwhapters of this thesis are

outlined at the end of Chapter 1.

Chapter 2 describes the materials and methodsfasdéake sediment collection,
sub-sampling and mixing ratio determination for thixked seed bank material. It
also contains the methods used for the preparatod inoculation of
mycoherbicide liquid cultures and the viability tegperformed on the liquid
cultures to determine which was best for use imedi¢che experiments. Chapter 2

ends with the material and methods used for eatediour experiments.

Chapters 3 and 4 describe the main findings frora thvo germination

experiments (Experiments 1 and 2 respectively).pt&ra 5 and 6 describe the
main findings from the two germling experiments Exments 3 and 4
respectively). Chapter 7 provides a conclusionusiag a summary of the results

and possible areas for future research. Referdattesw Chapter 7.

Appendix 1 contains the dilution tables for gerntima (Experiments 1 and 2) and
germling (Experiment 4) experiments. Appendix 2 teors the full

mycoherbicide culture viability results for eachtbé experiments and Appendix

Vii



3 concludes with the results from re-isolationte# tnycoherbicide agent from the

L. majortreated jar in the second germling experiment.

viii
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Chapter 1

1. Introduction

This chapter provides background for freshwatentslawith a focus on New
Zealand natives and adventives. It also descriiessive alien weed control and
the two control methods used in this research. diepter concludes with the

research objectives and hypotheses.

1.1. Freshwater Aquatic plants
Aquatic plants are generally concentrated withia littoral zone of lakes and
rivers. The littoral zone is defined as the shalleater region with a water depth
gradient where light can penetrate to the bottodinsent resulting in a zone of
diverse physical conditions ideal for a varietypddint life forms (de Winton &

Schwarz, 2004).

The littoral zone may contains three groups of tslaemergent, floating-leaved
and submerged plants (Figure 1) (de Winton & Schw2004; Madsen, 2009b).
Emergent plants have their roots and lower stenth@nwater while their upper
stems and leaves extend above the water. Emertarts @mre found around the
edges of lakes to depths of 2 m in some casesu$uylrcattail, sedges and
Manchurian wild rice are examples of emergent glgde Winton & Schwarz,

2004; Madsen, 2009b).



Floating-leaved plants can be broken into two gspupoted and free-floating.
The rooted floating-leaved plants remain anchoredhe sediment while their
leaves float on the waters surface. Some examplégese includdPotamogeton
cheesmani(floating-leaved pondweed) amnymphaceaéwater lily, spatterdock).
Free-floating plants float on the water surfacehwitnanchored roots. Some
examples of these includeemna (duckweed), Azolla (azolla), Eichhornia
crassipes(water hyacinth) andPistia stratiotes(water lettuce) (de Winton &

Schwarz, 2004; Madsen, 2009b).

Submerged plants are the most abundant plant forthe littoral zone and are
found commonly in the deeper depths. They are dbotehe sediment and are
permanently under water. The submerged plantsiaiged into two groups; the
low-growing species and the tall-growing specielse Tow-growing species are
plant species that only grow to heights of 0.2 mme examples include
GlossostigmaLilaeopsis Elatine andisoeteqquillworts) (de Winton & Schwarz,
2004). The tall-growing species are divided int@ tgroups. The first group, the
vascular angiosperms, can grow at depths of 10xamles of these include the
nativesPotamogeton ochreatumd Myriophyllum triphyllum and the introduced
oxygen weeds, e.gElodea canadensis(Canadian pondweed, oxygen weed)
Lagarosiphon major(oxygen weed) Egeria densa(oxygen weed),Hydrilla
verticillata (Hydrilla) andVallisneria (eel grass) (de Winton & Schwarz, 2004;
Madsen, 2009b). The second group of submergedspkna the non-vascular
charophytes, for exampl€hara and Nitella, which grow at greater depths than

the vascular submerged plants (de Winton & Schw20@4).
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Figure 1: Zonation of emergent, floating-leaved andsubmerged plants within the
Littoral zone of lakes and rivers (Madsen, 2009)

Aquatic plants are a valuable component of lakalibersity (Champion et al.,
2002; Madsen, 2009b). Submerged plants in partigléey a vital role in creating
structurally complex habitats for other aquaticasigms as well as acting as a
buffer to surface waves, which reduces water mowenand sediment re-
suspension (Clayton & Champion, 2003; Duarte, 2088ntos et al., 2011).
Submerged plants remove nutrients from the waté&roo and sediment, and
oxygenate the sediment surface layer which helpsdace nutrient release to the
overlaying sediments. However, some submerged glagenerally those that
form dense monospecific stands, may also causdidedadeoxygenation of the

water column (Clayton & Champion, 2003; Duarte, Z(®antos et al., 2011).



1.2. New Zealand Aquatic Plants
Aquatic plants can be divided into two groups, veatand adventive, on the basis
of their origin relative to what is present natlyallhe term ‘adventive’ means
not native. There are several other terms to desgiant species that have spread
beyond their natural range which include introdycalien and exotic. Not all
adventive plant species are invasive. Invasivetplagfer to plant species whose
traits often negatively impact the environment tlaeg in by causing significant
changes to the composition (i.e., out-compete as}jvstructure and ecosystems
processes (Closs et al., 2004; Santos et al., 20Mdf) all alien species have
invasive properties while some native species hawvasive properties their
environment. In New Zealand the submerged platisftim dense monospecific

stands are generally adventive invasive species.

1.2.1. Native Submerged Aquatic Plants - Charophytes
Charophytes, from the Characeae family, form ondl@iv Zealand’s prominent
native submerged freshwater plant communities and of the preferred
vegetation types in many waterways. Other natiergrged plant communities
include Bryophytes, water milfoilsM. triphyllum and M. propinquujn pond
weeds P. ochreatus and P. cheesmanisoetesspp.,Lilaeopsisspp. and water

buttercup Ranunculuspp.) (Coffey & Clayton, 1988).

New Zealand only has four recognised Characeae rgen€harag
Lamprothamnium, NitellandTolypella(de Winton et al., 2007; Wood & Mason,
1977). Charophytes are a type of distinctive mdgema (de Winton et al., 2007;

de Winton & Schwarz, 2004) with stems of long singélls alternating with short
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nodes where branchlets form. Charophytes produagabgropagules in the form
of spirally ridged oospores, which are analogouseteds, that vary in size, shape,
colour and ornamentation of the outside wall (esgpistral spiral markings,
termed striae) (de Winton et al., 2004; de Wintorale 2007; Mason, 1975)

(Figure 2).

Basal

Figure 2: Morphological features of Chara (left) and Nitella (right) oospore species.
Scale bars = 100 um (de Winton et al., 2007)

New Zealand charophyte species are distinguishble each other by the
number of cells comprising the ultimate branchled ahape of the smaller end
cell. The two common charophyte genera found ishineater areChara and
Nitella species (Figure 3)Chara species have simple unforked branchlets and
depending on the species can have corticated st@chdranchlets which give
them a striped appearance. THiella plants have forked or repeatedly divided
branchlets (Coffey & Clayton, 1988; de Winton et aD07; Dugdale et al., 2001;

Mason, 1975).



Figure 3: Photograph illustration of a Chara (A and C) and Nitella (B and D) species.
(A) Chara fibrosa (B) Nitella leonhardii, (C) Chara globularisand (D) Nitella
pseudoflabellata(photographs A and B by Aquatic Plants Group, NIWA
photographs C and D by Author)

Oospore cell walls are thick and multilayered arelfarmed by the deposition of
layers by the developing zygote (oospore) and tinesnding cells (ensheathing
cells) (Figure 4). The oospore deposits three tayerd the ensheathing cells
deposits four layers. The oospore deposits layarstinside wall while the
ensheathing cell deposits layers on its inside thall is against the oospore, thus
creating the oospores thick multilayered cell wathe oospore-deposited layers

consist of a thin electron-dense layer (amorphaysr), a helicoidal microfibril
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layer and a non-helicoidal microfibril layer whillke enshealthing cell-deposited
layers consist of a crystine layer, a pigmentedcbiglal microfibril layer, an
ornamentation layer and a calcified layer (Leitt®89). Once the oospore is fully
formed the ensheathing cells break down leavingothspore behind (Figure 5).
The thickened walls are considered to protect tgpores against desiccation and

grazing (Casanova, 1991, 1997; Leitch, 1989).

@y
¢

Figure 4: Oospores inside their ensheathing cells lfptograph by Author)

Chara oospores are generally larger in size, comparethé¢oNitella species
(Figure 5), with a terete (circular) shape in apidgaw. TheNitella oospores are
smaller (Figure 5) and non-terete in apical viewnpared to theChara species
(Coffey & Clayton, 1988; de Winton et al., 2007; galale et al., 2001; Mason,

1975)



Figure 5: Selection ofNitella and Chara oospore species; (). pseudoflabellata(2) N.
hyalina, (3) N. leonhardii, (4) C. globularis (5) C. australisand (6) C. fibrosa
(photograph by Author)

Charophytes are able to form dense meadows (F@juoxer a very wide depth
range from the shallow littoral zone to 40 m inaclevater deep glacial lakes in
the South Island (Coffey & Clayton, 1988). Charaghyneadows grow to heights
of 2-3 cm in shallow water and over 2 m in deepawv&Coffey & Clayton, 1988;
de Winton & Schwarz, 2004; Schwarz et al., 2002)e ©f the reasons thought to
contribute to the height change with depth is tfa@rophytes are able to tolerate
low light levels and a response to low light levisighat the charophyte cell size
increases. Therefore, less light results in lady@rophyte plants (Brown, 1975;
Kufel & Kufel, 2002). Charophytes have shown a sgeepecific depth zonation
whereC. fibrosa N. hyalinaandC. globulariscan be found at median depths of
4-5 m,N. hyalinaandN. leonhardiiat depths of 5-9 m ard. pseudoflabellateC.
corallina and N. hookeriat depths of 9, 10 and 12 m respectively. Thigigge
zonation is thought to be related to the availgbitf light (Coops, 2002; de

Winton & Schwarz, 2004; Schwarz et al., 2002).



Figure 6: Charophyte meadows in Lake Waikaremoana (potograph by John
Clayton, NIWA)

Charophytes are a beneficial component of lake ystesis because they are
usually the first aquatic plant species to re-dshlafter a disturbance event and
are known as rapid colonisers (de Winton et al002&an den Berg et al., 1998;
van Donk & van de Bund, 2002). Charophytes have rvaales of colonisation;

vegetative means (bulbils and vegetative propayaled germination of oospores
(diploid zygotes) (Figure 7). Specialised vegemtipropagules form during

summer described by Starlingt al. (1974) as consisting of a terminal non-
vacuolated internodal cell containing a single wiebbranches and an apical cell

(Figure 7).



Figure 7: Types of charophyte colonisation; (A) bulb, (B) specialised vegetative
propagules and (C) oospores (photographs by Author)

In New Zealand, lake sediments generally contairseed bank’ which is
dominated by charophyte oospores (de Winton et28l04) from which rapid
colonisation occurs. All genera of charophytes grity reproduce sexually and
can have monoecious and dioecious breeding syssamthe female fruiting
bodies (oogonia) and the male fruiting bodies (antha) may either develop in
close association of each other, from the nodesbminches (Figure 8)
(monoecious) or on separate plants (dioecious}ilisation occurs underwater,
unlike many of the vascular plants which still relg aerial fertilisation. After
fertilisation, the zygote (also termed oospore)lvihickens (Bold & Wynne,
1978; Smith, 1950). Once the oospores mature epff the branchlets into the

sediment (Haas, 1994; Kalin & Smith, 2007).
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Figure 8: The male (1) and female (2) fruiting bodis of aChara (A) and Nitella (B)
species (photograph by Author)

Oospores are known to have dormancy and longelgyacteristics which allow
them to remain viable in the lake sediment for mgesrs and to only germinate
in large numbers when conditions become favouralilese characteristics allow
charophytes to be persistent and rapid colonisBoi¢ & Grillas, 2002; de
Winton et al., 2004; de Winton & Clayton, 1996;\Wnton et al., 2000; Dugdale
et al., 2001; Wade, 1990). Seed banks are impoasihe oospore composition
preserved within them can predict future vegetabiomposition as well as act as
indicators of past condition (Casanova & Brock, @98e Winton et al., 2007;
Haas, 1994). There are numerous factors that haea bxamined as possibly
influencing oospore germination in lake sedimenthede include light,
temperature, redox conditions, and oospore sizeaad burial depth (de Winton
et al., 2000; Dugdale et al., 2001; Kalin & Smi#@07). The maximum burial
depth limit for Chara oospores to germinate in New Zealand is 50-100+ mm

while Nitella have a burial depth limit of <25 mm (Dugdale et 2001).

11



When oospores germinate the initial primary protoaghat emerges from the
oospore is colourless and only becomes pigmentet aéll division to form
intermodal cells with nodal cell ends at both effisld & Wynne, 1978; Smith,
1950). Early germling survival is dependent ongtach reserves accumulated in
the oospores (de Winton et al., 2004) until thendie)g becomes pigmented,
whereby the germling then moves from a relianceoospore starch reserves to

photosynthetic energy sources (Figure 9).

Figure 9: Germinating C. globularis with the colourless basal cell of the protonema
and slightly pigmented secondary cells (photography Author)

Charophyte meadows have the ability to bind sedismevhich results in a

reduction in the water turbidity above the chardphyeadow (Clayton & Tanner,
1988; de Winton et al., 2004; Van den Berg et #98; Van den Berg et al.,
1999; van Donk & van de Bund, 2002). Charophytedoes are also known to

act as nutrient sinks. According to Kufel and Kuf2002), charophyte meadows
are able to incorporate the nutrients from thersedi and water column into their
biomass as well as enhance sedimentation whiclteptewutrients being released
from the surficial sediment. Dense unbroken chaytwhmeadows have been

known to inhibit alien weed colonisation and spresdobserved in Hamilton
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Lake (Lake Rotoroa) (Clayton & Tanner, 1988). Cipamges are, however,
severely impacted by increased nutrient loads lmtes causing eutrophication.
As the water becomes more turbid the charophy&esestricted to shallow water
and can only form small dense mats which are thgrosed to wave action.
Invasive alien plant species are able to out-coenfiet charophytes as they adapt
better to poor water conditions by forming denseogées near the water surface

(Blindow, 1992; de Winton et al., 2004).

1.2.2.  Adventive Submerged Aquatic Plants — Alien Invasivélants
New Zealand lakes and waterways have been subjéct@dnumber of rapid
spectacular invasions by alien plant species (Hdw#illiams et al., 1987) since
the 1840’s when organised settlement began (Mas®rg). Most of these alien
species thrive under New Zealand’s conditions aesllt in domination and
displacement of the native vegetation (Brown, 19Mdward-Williams et al.,
1987). The most problematic submerged aquatic plianNew Zealand belong to
the Hydrocharitaceae family (namellodea canadensiMichx., Lagarosiphon
major (Ridley) Moss ex Wager andeEgeria densa Planch.) and the

Ceratophyllaceae familyCeratophyllum demersuin.) (Champion et al., 2002)

(Figure 10).
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Figure 10: Problematic submerged weeds (increasing e impact from left to right)
(Clayton & Champion, 2003)

E. canadensiss native to North America and was one of theiestrlintroduced
species to become established in New Zealand. thasight to have been
imported into Christchurch with shipments of fishaoin 1868 and deliberately
released in efforts to naturalise trout in New Zedl The first recorded sighting
in the natural environment was in 1870 in the ARiner (Howard-Williams et
al., 1987).E. densas native to South America and was first recorded 946 in
the lower Waikato River (de Winton et al., 2009;f$ta & Champion, 2006d)..
major is native to Southern Africa and was first record®50 in the Hutt Valley,
Wellington, North Island (de Winton et al., 2009¢fstra & Champion, 2006e).
These oxygen weeds were thought to have been iatgptwt their ornamental and
habitat enhancement value. By 1982 they were wpdeasl through the aquarium
trade (Howard-Williams et al., 198A.. demersunfhornwort) is native to many
temperate and tropical regions (Hofstra & Champ&ff6c). It was first recorded
in drains near Napier and Hastings in 1961 andlikely an aquarium escapee. In

1963 it was found in the Waikato River (Howard-\idiths et al., 1987; Mason,
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1975) and subsequently spread throughout the Nsleghd and recently recorded

(from 2000) in several locations in the South ldlgée Winton et al., 2009).

There are no native representatives of the Hydritelseae or Ceratophyllaceae
family in New Zealand (Mason, 1975). The specigsoduced to New Zealand
are generally fast growing tall plants which forende monospecific stands that
are often surface reaching which create a shadiagten smaller native species
(Closs et al., 2004; Coffey & Clayton, 1988). Theg able to grow to depths of
6-10 m L. majorandE. densaespectively). However, hornwort is able to impact
even greater depths (Champion et al., 2002) asre@sded in Lake Tarawera
where it was recorded at depths of 15.5 m (Well.e1997) (Figure 11). In New
Zealand most of these species are dioecious arndreptesented by either the
male or female plant. Therefore, they can only pgapte vegetatively. Fragments
of stems containing a viable bud at the stem nedadorm adventitious roots for
anchorage in the sediment and new apical shootgnwiot, which is
monoecious, is known to reproduce through seedthier countries. However, no
viable seed has been recorded in New Zealand. Ehipossibly due to
unfavourable environmental conditions that preveakual reproduction and
therefore fragmentation of stems is the only mesn®production (Closs et al.,
2004; Coffey & Clayton, 1988; Hofstra & Champio®0Bc; Howard-Williams et

al., 1987; Mason, 1975).
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Figure 11: Diagrammatic representation of the invagin sequence of Lake Tarawera
(native vegetation pre- 1900sElodeainvasion 1930s]agarosiphoninvasion
1960s,Ceratophylluminvasion 1990s) (Clayton & Champion, 2003)

The rapid spread of these tall-growing invasive dvepecies has detrimental
effects on native plant species and biota. Sinesetlalien plants are able to form
large dense monospecific stands which reduce ligmetration into the water

column, increase organic matter in the sedimentraddce oxygen levels in the
water column (Closs et al., 2004), the biota livingand on the sediment are
severely impacted by the resulting changes in thaiural habitat (Champion et
al., 2002). These alien plants are able to comlgleteplace native plants

(Champion et al., 2002; de Winton & Clayton, 1996)displace them to deeper
areas where light is limited or to shallower arehgre they are more exposed to
wave action and desiccation (Closs et al., 200&plBcement of native plants has
detrimental impacts on native seed banks, thuditighithe emergence, growth
and reproduction of charophytes (Bonis & Grilla®02; de Winton & Clayton,

1996). Biota adapted to living in the native beds also likely be impacted by
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their displacement. However, some alien plant gsean moderate abundance
provide food for birds and refuge and habitat fovertebrates and epiphyton

(Champion et al., 2002).

The rapid growth and spread of alien plant specgsonly impacts native biota
within the lake but can also cause economic, réioma and aesthetic problems.
Dense stands of alien species, especially hornwordy interfere with
hydroelectric generation when floating mats ofldgs up the water intakes for
turbines. This has resulted in hydroelectric darmsttsl)g down temporarily,
losing several millions of dollars in power genematand necessitating costly
repairs (Champion et al., 2002; Closs et al., 2004e accumulation of alien
weeds devalues waterfront properties and causedne®dn tourism due to
unsightly views and smells when the weeds are whsshore and decay.
Surface-reaching weeds affect recreational aawiguch as swimming, boating,
water skiing and fishing as the weeds can tanglkh@swimmers, boat propellers,
water skiers and fishing lines, causing damageeath death (Champion et al.,
2002; Closs et al., 2004). Excessive weeds neae giestrict access of boats to
the open water as weeds entangle boat trailerbeaid at boat ramps and jetties

(Closs et al., 2004).

1.3. Invasive Alien Weed Control
The impact of invasive plants and the managemejgctibes to remove or
decrease weed beds of alien species has led ttetledopment of aquatic control
technologies in four broad categories; mechanibgfigal removal, habitat

manipulation, chemical control and biological cohtChampion et al., 2002;
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1.3.1.

Closs et al., 2004). The choice of management opti® determined by the weed
species and site-specific management factors, Xample, type of water body,
priority of the site, weed issues, water body usesjronmental constraints and
feasibility (Champion et al., 2002; Closs et aDp2, p. 27.28; Madsen, 2009a).
The two aquatic control techniques used in my meseanvolved chemical

control, which is the most widely used option inwN&ealand for large scale
weed control (Champion et al., 2002), and bioldgozantrol (inundative), which

in this case is a fungal plant pathogen formulatéol a mycoherbicide (Shearer,

1996b).

Chemical Control Method: Aquatic Herbicides and Algaecide

Aquatic herbicides are used in lakes and waterweaijls the aim of reducing
target plant species. Only registered aquatic belks are used as they pose low
risks to the aquatic environment and biota as lsmghey are applied at the rates
stated on their labels (Hofstra & Champion, 2008@uatic herbicides contain
both active ingredients, i.e. the chemicals thattrad the target weeds, and
inactive (inert) ingredients that can either diJutaprove or make the herbicides
easier to mix or apply. Some herbicides use carsach as oil, water or clay as
inert ingredients to improve the mixing and apglma of the herbicide (Avery,
2003). There are limitations to herbicide use iruaig environments for
successful target plant control. For example, whieere is a lot of water
movement at the treatment site the herbicides becoapidly diluted after
application. This makes it difficult to maintain ethrequired herbicide
concentration and contact time (Hofstra & ChampR#06b). Plant species differ
in their susceptibility (ability to be controlleghartially controlled, tolerant or

resistant) to herbicides. Therefore selective @bntf target species can be
18



achieved through choice of herbicide and contaptsire time relationships
(Glomski et al.,, 2005; Hofstra et al., 2001). Heirte applications in New
Zealand have shown effective seasonal controlrgetgplants with minimal to no
impact on non-target plants including mature chaytgs (Clayton & Matheson,
2010; Hofstra & Champion, 2006b). This has leath®main area of interest for
this research, which focuses on the possible irspaicaquatic herbicides on the

potentially vulnerable life stages of native chédryes.

Diquat and endothall are the only aquatic herbiidegistered for use on
submerged invasive plants in standing and flowiagewin New Zealand (Hofstra
& Champion, 2006a). Fluridone is currently not stgied in New Zealand but is
widely used throughout the USA for invasive weedagement (Siemering et al.,
2008) and has also been used in some trials in Realand (Hofstra & Clayton,

2001a; Wells et al., 1986). Chelated copper com@sware used in the USA and
India specifically to control algae, but has alseem used to control aquatic
vascular plants (Durborow et al., 2007; Guha, 12@5jie, 1990). For this study,
three aquatic herbicides (diquat, endothall andidtine) and one algaecide
(chelated copper compound, K-Tea) were chosen ger Diquat, endothall and
fluridone were used in all experiments while thelated copper compound was

only used in the fourth experiment.

Diquat
Diquat (Reglon®, Syngenta) was the first aquatic herbicide reggstén New
Zealand and has been used since the 1960s. Dgjdatmulated as dibromide

salts and is a fast-acting contact herbicide wiiignupts the electron transport
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system in plant photosynthesis and damages cell breras and cytoplasm,
which leads to desiccation or defoliation. It ongguires a short contact time to
affect the target plant species. However, sinceaigs a contact herbicide, any
parts of the plant exposed to inadequate herblentds or contact time are likely
to regenerate. Diquat is considered to be a ‘bepettrum’ herbicide that can be
used on a wide range of target alien spediescénadensisE. densal. major
and C. demersum However, in a turbid aquatic environment, diqoations are
rapidly bound to negatively charged clay and sedinparticles in the water
column or on the plant surface, resulting in th@daleactivation of its herbicidal
effects. Diquat is also degraded in the aquatidrenmnent by microbial action.
The general exposure requirement for diquat is $ibuidays and the typical half
life of diquat is 0.5 to 7 days (Clayton, 1986; kloh et al., 2001; Netherland,

2009; Simsiman et al., 1976).

Diquat has shown effective control of target specie New Zealand G.

demersumL. major, E. densaand E. canadensj)swhile maintaining, and in
several cases enhancing, charophyte vegetationyt@dla 1986; Clayton &
Matheson, 2010; Hofstra et al., 2001; Leonard &e@tend, 1965; Tanner et al.,

1990; Wells & Clayton, 1993)

Endothall

Endothall (Aquathdl K, United Phosphorous Inc), a dicarboxylic acisl,the
second herbicide registered (in 2004) for aquatein New Zealand. Endothall is
similar to diquat in that it is a contact herbicidendothall is formulated as a

dipotassium salt and is known to inhibit proteimtsyesis and cause disruption of

20



membranes and respiration, which results in wiltidgsiccation and collapse of
the treated plants. Unlike diquat, endothall does lind to charged clay and
sediment particles. Plant species have differingsigeity to endothall, and in
New Zealand it has been shown that it has no impathe target weed specigs
densa The general exposure requirement for endothahasrs to days. The
typical half life of endothall is 2 to 14+ days httcould be less (4 — 7 days)
depending on the temperature of the water and rineafence of microorganisms
that break it down into naturally occurring compdsinHofstra & Champion,
2008; Hofstra & Clayton, 2001b; Hofstra et al.,, 200Netherland, 2009;

Simsiman et al., 1976).

In New Zealand, endothall is potentially able tmtrol several target specieS.(
demersumPotamogeton crispus. major andHydrilla verticillata) within 22-48

hrs at the maximum label concentration of 5 ppmlavbther target specieg (
densa and E. canadensjs and non-target species (charophytes) show no
susceptibility within the 0.5-5 ppm concentratiange (Hofstra et al., 2001,

Wells & Clayton, 1993)

Fluridone

Fluridone (Sondt AS, SePRO) is currently not registered in New dedlbut is
widely used throughout the United States in invasikeed management and has
been used in New Zealand in several experimenialb t(Hofstra & Clayton,
2001a; Wells et al., 1986). Fluridone, 1-methyligpyl-5-[3-(trifluoromethyl)
phenyl], also known as a ‘bleaching herbicide’,aissystemic herbicide that

inhibits the formation of carotenoid pigments esisérior normal plant growth.
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The impact is observed in the new shoot growth lwhg often white as the
chlorophyll is destroyed by sunlight. Fluridone usually degraded in the
environment through photolysis and microbial actiBluridone is a slow-acting
herbicide with the general exposure requiremert5sf days and a half life of 7—

30+ days (Doong et al., 1993; Netherland, 2009;I5\&lal., 1986).

In field surveys in the USA, charophytes were réggbrto be unaffected by
fluridone while angiosperms were destroyed (Burkh& Stross, 1990;
Netherland et al., 1997). This resulted in studiasthe effect of fluridone on
charophyte sporelings (germlings) which showed tti& bleaching effect
increased with increasing fluridone concentratigh®1-10 ppm). However, at
maximum concentration (10 ppm) oospore germinatias unaffected (Burkhart
& Stross, 1990). Charophytes have also been oléovgerminate and colonise
in pots where the target species were reduced dfterdone treatment
(Netherland et al., 1997). In New Zealand, fluriddnials on target speciek.(
major, E. canadensisE. densaH. verticillata, Vallisneria giganteaP. crispus
and Salvinia molestaresulted in bleaching or pink colouration of nshoots on
plant stems. However, this had no overall detrimemffects on the plants’

growth as the plants recovered (Hofstra & Clayg@iQla; Wells et al., 1986)

K-Tea

K-Tea (K-Te&, SePRO) is a chelated copper compound derived €opper —
Triethanolamine complex and Copper Hydroxide andgasimonly used as an
algaecide. Copper in a chelated compound doesadily precipitate in the water

column, allowing it to remain active for longer. €&ted copper compounds are
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1.3.2.

fast-acting, with general exposure requirementsa ohinimum of three hours.
Copper is a natural element and does not biodegradie water column.

However, it remains biologically inactive in thedseent as free copper ions
bound to sediment. The typical half life of coppemater is hours to 1+ days as
copper binds to particles or chemical ions in thatew or sediment. Water
alkalinity also affects the half life of copper byaking the copper more readily

inactive (Morris, 2009; Netherland, 2009)

Chelated copper compounds are known chemical derftvo charophyte species
(Durborow et al., 2007; Peterson & Lee, 2005) ampper compounds have been
used in India to contraChara species in Kharif rice fields (Guha, 1995). Copper
compound have also been used to control vasculamenged plants, i.e.,
Komeen. However, copper compounds are usually amedbiwith another
herbicide, such as diquat, endothall and fluriddoneimprove effectiveness
(Durborow et al., 2007). For example, when onlypmps used, the pathological
changes (toxicity) occurred iRlydrilla verticillata at 80-100 mg Cu/kg plant
tissue, whereas, in combination with diquat it soed at 30-40 mg Cu/kg plant

tissue (Leslie, 1990)

Biological Control Method: Mycoherbicide

Mycoherbicide Concept

The mycoherbicide strategy uses formulated path®g®izontrol nuisance plants
in ways consistent with herbicide technology andigment (Shearer, 1994). In
the USAMycoleptodiscus terrestri@it) has been identified as an ideal candidate
for inundative biological control (Shearer, 199@hich requires that the Mt be
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formulated into a product that has a shelf life acemh be applied with

conventional spraying equipment (Shearer, 1997) Tiundative approach,
described by Shearer (1998), varies from the adabkbiocontrol technique in that
a plant pathogen is used to control a target weed ispecific area through
predetermined volumes and doses. This allows tmraloof the target weed

within a specific time frame, thus reducing anyremoic losses. In comparison,
the classical biocontrol method involves the redea$ a host-specific control

agent, for example, a beetldgasicles hygrophilaused to control alligator weed
(Alternanthera philoxeroidgs(Closs et al., 2004), that forms a self-sustgnin
population in the wild. This population will therany in density or numbers with

the population size of the target species (Sheh896b).

In the 1970s, initial investigations into the usgdvit as an inundative biological
control agent started in the USA when Mt was isalatrom Myriophyllum
spicatumin Massachusetts (Shearer, 1994). Throughout3B8sland early 1990s
fungal isolates were studied and evaluated in ktboy, greenhouse and field
tests. EcoScience Corporation (Worcester, MA) sbughcommercialise an
isolate of Mt as a mycoherbicide (Aqua-Fyte) afyeomising field trial results
using liquid inoculum (Shearer & Jackson, 2006)wdwer, the first two field
tests (in 1994 and 1996) of Aqua-Fyte were ineifecat reducing aboveground
biomass of Eurasian watermilfoiMfriophyllum spicatuni.) and the cause was
put down to problems with the fungus and/or forrtiala of the mycoherbicide
(Shearer, 1994, 1996b). Subsequent research orad/lbden carried out by Judy
Shearer (USA ERDC — US Army Corp of Engineers Reseand Development

Center), Mark Jackson (USDA — Agricultural ReseaB®¢rvice USA), Mark
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Heilman (SePRO corporation, USA) and the AquatanB® Group (NIWA, New

Zealand).

Mycoleptodiscus terrestri€Gerd.) Ostazeski Species Description

The genusMycoleptodiscusomprises 15 species of fungi from a diverse host
range including forage legumes (Ostazeski, 196i0algpts (Sutton & Hodges Jr,
1976) and conifers (Bills & Polishook, 1992). Sintsoriginal description in the
United States (Gerdemann, 1953; Ostazeski, 198.7)errestris(Mt) appears to
have a cosmopolitan distribution and a host rahgeibcludes submerged aquatic
macrophytes, for example, Eurasian watermilfdli/(iophyllum spicatunt..) and
hydrilla (Hydrilla verticillata (Lf) Royle) (Shearer, 1997). Mt is a plant pathoge
which has been found on asymptomatic or slightlgated plants (i.e. presence of
lesions) and when applied in greater amounts (iativel exposure) causes
significant symptoms, for example the plants becochéorotic, flaccid and

disarticulated (Shearer, 1998).

Mt has been described as having yellowish creamucetl sporodochia up to 100
um in size that produce boat-shaped or cylindricalidia (spores) with rounded
tips (Figure 12). The conidia are aseptate or @mtase, bearing two straight (or
very rarely curved) filiform appendages at both srdterally on one side,
although an absence of appendages has also bewtedefHofstra et al., 2009).
Microsclerotia, formed in liquid cultures, are nmked, compact hyphal
aggregates which are spherical or elongated ineshad are known to be highly
resistant to desiccation and often serve as the-wweering structure of the

fungus (Shearer & Jackson, 2006; Watanabe et97)1
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Figure 12: An M. terrestris solate growing on a potato dextrose agar plate (A)a
sporodochia on a plant leaf (B) and Mt spores prodted by the sporodochia
(C). Scale bars = 50 um and diameter of plate = 9Gm (photograph A by
Deborah Hofstra, NIWA; B and C photograph by Author)

M. terrestrisin New Zealand

During a plant pathogen survey of aquatic macraghftom lakes and waterways
in New Zealand’s North Island, Mycoleptodiscudike fungus was isolated from
Ceratophyllum demersuim the Waikato River (Hofstra et al., 2009). Whée t
fungal isolate was plated onto standard laboratoeglia for identification, the
isolate produced sclerotia characteristic oflheoleptodiscusungus but not the
definitive two-celled appendaged spores (Hofstraalet 2009). In developing
techniques for producin$l. terrestris sclerotia in liquid culture in the USA,
certain selective media (i.e. solylus, casaminadsgcpharmamedia) enabled
sclerotia to consistently germinate sporogenicagdhpyviding copious numbers of
spores (Shearer, 2007; Shearer & Jackson, 20036).200hese techniques
developed in the USA were successfully used taicellbne of the New Zealand
isolates resulting in the positive identificatioh M. terrestris (Hofstra et al.,
2009). This and subsequent New Zealand Mt isoktestored and maintained in

NIWA's culture collection in Hamilton, New Zealand.
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Currently there is no data on aquatic plant spatyfiof M. terrestrisin New
Zealand and current research is investigating ts¢ lange oM. terrestris In
USA, howeverM. terrestrisfield and laboratory trials show infection of atjoa
plant species such ddydrilla verticillata and Eurasian watermilfoil (Shearer,
1994, 1998). Liquid culture dose rates used inUlsA trials are based on the
colony forming unit (CFU) count of 1 x {@FU mL* (Shearer, 1996a), where as
the dose rates used in the New Zealand trialsasedoorM. terrestrisbiomass in

the liquid cultures.

1.4. Research Objectives and Hypotheses
The overall aim of this Master of Science (MSc)eash was to determine how
selected aquatic herbicides and a mycoherbicigeaéharophyte germination or
germling growth. Of particular interest was how rchpdnytes responded in terms

of germination success, germling susceptibility apdcies sensitivity.

Hypotheses were that firstly, charophyte germimaticould not be affected by
herbicide and mycoherbicide treatments at conceéorisa representing potential
field application rates to control invasive specasl, secondly, that germling

charophytes would not be susceptible to thesentieyats.

To date, germling and oospore germination has vederelatively little study.
Therefore this MSc research provides insight intmteffects aquatic herbicides

and a mycoherbicide have on charophytes’ germinagiermling susceptibility
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and species sensitivity. This is important for dgualant management as the
research may indicate that, given the same levirget weed control, the use of
one product (diquat, endothall, fluridone and myrbicide) over another may

selectively control alien species but leave chaytgghunaffected.
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Chapter 2

2. Materials and Methods

This chapter describes the experimental methodd @se the collection and
preparation of the lake sediment, the processesvied in making, preparing and
viability testing mycoherbicide liquid cultures anthen concludes with
experimental methods used for each germination €ix@nt 1 and 2) and

germling (Experiment 3 and 4) experiment.

2.1. Lake Sediment (Seed Bank Material)
Lake sediment (seed bank material) was used in eggériment as it contains
large reserves of charophyte oospores. The lakmeatwas collected from three
lakes (Lake Tarawera, Lake Tikitapu and Lake Rap@nd a mixed seed bank

material was prepared as outlined below.

2.1.1.  Collection
Approximately 50-60 L (total volume) of lake sedimecontaining oospores,
hereafter referred to as seed bank material, whscted from Lake Tarawera,
Lake Tikitapu (Blue Lake) and Lake Rotoroa (Hamiltbake). NZ Map Grid
reference coordinates and depths of sampling alettekes are given in Table 1
and Figure 13 shows a map of the lakes. Sedimeats wollected from these

lakes to give a mixed age and species composifittitella andCharaspecies.
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Table 1: Collection sites for lake seed bank mateal

Collection Site Grid reference Depth (m)
Lake Tarawera 2806270E, 6327200N 5-7
Lake Tikitapu 2801700E, 6329590N 5-7
Lake Rotoroa 2710540E, 6375750N 15
b
‘I'&'\.;-‘\
. .#,ﬁ‘""lz,l
1.4.
.
£
Rotoroa
: ’
1 km
Figure 13: Map showing the location of Lake RotorogHamilton) and Lake Tarawera
and Lake Tikitapu (Rotorua Lakes District) (map supplied by Mary de
Winton, NIWA)

2.1.2. Preparation

Each of the lake sediments was sieved separatelygh a large garden sieve (12
mm mesh) into separate containers to remove amy platter and debris from the
sediment. The sieved sediment from each lake wasoulghly mixed to

homogenise the sediment before sub-samples weea fak analysis of oospore

composition.
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2.1.3.

Sub-sampling of Lake Sediments

Sub-samples from each lake were sieved furtherstomate the density and
composition of oospores. Sub-sample volumes wermll(Lake Tarawera and
Lake Tikitapu) or 100 mL (Lake Rotoroa). The largaib-sample volume for
Lake Rotoroa was due to the lower density of oasporesent. Sub-sampling was
repeated four times from each lake’s sediment. @ifferent mesh sizes (250 um
and 500 um) were used to sieve the sediment. TAqub sieve was placed on
top of the 250 um sieve and the sediment sampleweafed into the 500 um
sieve. The contents of the sieves were placedseparate glass petri dishes and
examined under a stereo microscope (Leica MZ 9éicdMicrosystems, Bio-

Strategy Ltd).

The oospores present were identified according éoWinton et al. (2007),

counted and recorded (Tables 2-4). The overall @@sponcentration in the seed
bank material was 24.35 oospores/mL (Lake Taraw2da33 oospores/mL (Lake
Tikitapu) and 0.38 oospores/mL (Lake Rotoroa). L3keawera had the most
diverse oospore composition while Lake Tikitapu hlael least diverse oospore

composition.
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Table 2:

Oospore composition and concentration foeach 10 mL sub-sample taken

from the lake sediment collected from Lake Tarawera

Charophyte species

Sub-sample Sub-sample Sub-sample Sub-sample

1 2 3 4
Chara globularis 245 167 210 191
Chara fibrosa 3 - 1 1
Chara australis - - 1 -
Nitella hyalina 25 27 28 13
Nitella pseudoflabellata 9 8 4 5
Nitella leonhardii 10 11 9 7

Table 3:

Oospore composition and concentration foeach 10 mL sub-sample taken

from the lake sediment collected from Lake Tikitapu

Charophyte species

Sub-sample Sub-sample Sub-sample Sub-sample

1 2 3 4
Nitella pseudoflabellata 153 165 147 167
Nitella leonhardii 56 55 71 39

Table 4:

Oospore composition and concentration foeach 100 mL sub-sample taken

from the lake sediment collected from Lake Rotoroa

Charophyte species

Sub-sample Sub-sample Sub-sample Sub-sample

1 2 3 4
Chara australis 22 25 24 29
Nitella aff. cristata 6 15 13 14
Nitella pseudoflabellata 1 1 - 3
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2.1.4.

Mixing Ratio

Once the oospore composition and concentration determined for each lake,
the three lake sediments were mixed according tw dvfferent mixing ratios.

Mixing ratio A was used for Experiments 1 and 3 amgling ratio B was used for
Experiments 2 and 4 (Table 5). The second mixinip réB) used all the

remaining lake sediment not used for mixing ra#d). (The mixing ratios were

calculated taking into account that published oospgermination rates from
natural sediment range from 5-50%. The lower geaition rate of 5% was used
as the experimental baseline germination rate (dedW et al., 2004; de Winton
et al., 2000). The aim was to have a mixing rafiat tpotentially yielded 100
germinating oospores in 120 mL of the mixed lakéireent (Table 5). Once the

lake sediments were mixed, they were stored at 2 °C

Table 5: Mixing ratios for Lake Tarawera, Lake Tikitapu and Lake Rotoroa
sediments. (A) Experiments 1 and 3. (B) Experiment® and 4.

Potential
Oospore number of Potential number of
Lake count. in 120 germmatm.g Mixing Ratio germ'naggg L
mL sediment oospores in oospore in : m
120 mL mixed sediment*
sediment*
(A) (B) (A) (B)
Lake Tarawera 2922 146.1 2/5 13/34 58.44 55.86
Lake Tikitapu 2559 127.95 2/5 11/34 51.18 41.39
Lake Rotoroa 45.6 2.28 1/5 10/34 0.456 0.67
The total number of germination oospores expeceted®D mL 1101 979

mixed lake sediment

* based on 5% germination
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2.2. Mycoherbicide Liquid Cultures

2.2.1.

2.2.2.

The liquid cultures of mycoherbicide inoculum werepared as per Shearer and
Jackson (2006). The steps involved preparing agéeg platingMycoleptodiscus
terrestris (Mt) for inoculating liquid cultures, preparing énnoculating liquid

cultures, culture viability testing and preparihg final mycoherbicide inoculum.

Preparing Agar Plates

Two types of agar were used: WA (water agar) farsplates and PDA (potato
dextrose agar) for culture growth plates and piphitt isolates. Either 20 g Agar,
granulated (Difco Laboratories media) (for WA pBter 39 g Potato Dextrose
Agar (Difco Laboratories media) (for PDA plates) svadded to 1 L distilled

water in a Schott bottle. The Schott bottle lidsravéoosened and secured in
position with autoclave tape. The Schott bottlesevtben autoclaved at 121°C for
15 minutes. After autoclaving, the Schott bottleravplaced in the laminar flow
cabinet to cool and once the bottles were warnodolt, the agar was poured into

plastic Petri dishes (LabSé&ivand allowed to set.

Plating Mycoleptodiscus terrestrigVit)

The New Zealand Mt isolate used for my researchMidsRjssp. Vials of this Mt
isolate were retrieved from cryostorage (Thermcefdic Revco Ultima Plus,
Bio-Strategy Ltd) and thawed. To initiate colonywed®pment, Mt was plated
onto Potato Dextrose Agar (PDA) in a laminar flombmet using sterile tweezers,
to form a colony plate (Figure 14). The Mt colongtps were grown for seven

days (at 27 °C) before being used to inoculatediqulture.
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Figure 14: Example of an Mt colony plate used for om of the experiments. Plate
diameter = 90 mm (photograph by Author)

2.2.3.  Preparing Liquid Cultures
Liquid cultures were prepared in 500 mL Erlenmeflassks containing 190 mL of
media. The liquid media comprised of 20% glucodatim (75 mL), Casamino
acid media (Difco Laboratories, Sparks, MD, USA)(3 basal media (described
below) (100 mL), and deionised water (15 mL). Th&e2 glucose solution
consisted of 20g dextrose (Difco Laboratories, EpaMD, USA) in 100 mL
deionised water. The media (Casamino acid medisalb@aedia and deionised
water) was placed in the 500 mL flasks and autedaWPriorclave, Bio-Strategy
Ltd) at 121°C for 15 minutes, as was the 20% glesmdution. After autoclaving,
the liquid culture flasks and glucose solution wetaced in a laminar flow
cabinet (ESC® Labculture horizontal laminar flow cabinet, Bios8egy Ltd)
until cool. Once cooled, the glucose solution wddeal to the flasks and the
culture flasks were adjusted to between pH 4-5dunirey 0.65 mL hydrochloric

acid (2N). The flasks were then ready for inocolativith the Mt isolate.
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2.2.4.

Basal Media

The basal media was prepared in a 1000 mL voluméask and consisted of
vitamin mix stock solution (40 mL), ZnSQ@tock solution (20 mL), MnS{stock
solution (20 mL), CoGlstock solution (20 mL), KHPO, (4 g), MgSQ (0.6 g),

CaCkb (0.8 g), FeS®(0.1 g) and deionised water (900 mL).

The vitamin mix stock solution was prepared in & plastic bottle covered in
aluminium foil as the vitamin solution in sensitive light. The vitamin mix

solution consisted of thiamine (25 mg), riboflayR6 mg), ca-pantothenate (25
mg), niacin (nicotinic acid) (25 mg), pyridoamings(mg), thiotic acid (25 mg),

folic acid (2.5 mg), biotin (2.5 mg) and vitamin,82.5 mg) in 1 L of water.

The other three stock solutions MnE@nSQ, and CoCJ were prepared in 500
mL Schott bottles as follows: 0.78 g Mn&i@ 500 mL water, 0.7 g ZnS0n 500

mL water and 1.84 g Co&in 500 mL water.

Inoculating Liquid Cultures

In the laminar flow cabinet, the media flasks wereculated by scraping the
leading edge of the colony from one half of the ddtony plate with a sterile
scalpel and carefully placing the scraped fungts the flask. After inoculation,
the foil lids were put back on the flasks secumatyl the flasks were then placed
either in a shaking incubator (MinitrBninfors incubator shaker, Bio-Strategy
Ltd) at 200 rpm and 27 °C or on a shaking tablehi controlled temperature
(CT) room at 200 rpm and 27°C on a 12 hr/12 hrtidgrk cycle for 15 days.

These cultures are hereafter referred to as theultire flasks.
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2.2.5.

Culture Viability Tests

Culture viability tests were performed on the Mttare flasks 13 days after

inoculation to determine which culture flasks te ({se., those exhibiting greatest
growth in biomass). There were four viability teseried out: microsclerotia

count, spore plates, dry weights and culture grawmtipotato dextrose agar (PDA)

plates. These tests are described in more detaivbe

Microsclerotia Count

Microsclerotia (ms) are hyphal aggregates that fiorfiquid cultures (Figure 15).

On plant surfaces hyphae germinating from microstike are known to establish
the initial infection sites. Microsclerotia alsooduce spores which are vital for

plant infection (Shearer, 2007; Shearer & Jack26066).

In the laminar flow cabinet, 1 mL from each cultfiessk was placed into separate
sterile 10 mL yellow-capped tubes which containeohld water. The lids were

replaced and the tubes inverted several times! B pipetted onto each end of
a microscope slide (100 ul in total) and covereth\ai coverslip. The microscope
slides were placed under the light microscope @ &1 2500) and examined at
40x magnification. All the well-formed microsclei@tunder the entire coverslip

were counted and recorded.
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Figure 15: Example of a well-formed microsclerotiaScale bar = 100 um (photograph
by Author)

Spore Plates

Spores are produced and released from the surfaceicoosclerotia and are
responsible for secondary infection on plant s@$a(Shearer, 2007). To prepare
spore plates in the laminar flow cabinet, 1 mLha 1.0 fold dilution in the yellow
capped tubes prepared for the microsclerotia couatspipetted on to two water
agar (WA) plates. The plates were lightly shakernziontally to spread the diluted
culture over the plate. The plates were then placeal clear plastic box in the
controlled-temperature (CT) room (12 hr/12hr ligatk cycle, 27 °C). After
seven days the spores on the plates were counteglailaemocytometer. Water
(1 mL) was placed onto each spore plate and gsptiyad around the plate using
a sterile bacterial loop to dislodge any sporesteWom the plate was pipetted
(ca. 100 pl) and placed in the middle of the hagomoeter and covered with the
coverslip. The haemocytometer was placed under littté microscope and
examined at 100x magnification. The spores present counted and recorded

from 4 x 16 squares from each chamber (Figure 16).
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Chamber 1 - Chamber 2

Figure 16: lllustration of a haemocytometer. Sporecounted in the 4 x 16 squares in
the corners (bolded outline) in both chambers. Bldcof 16 squares = 1 mrh

Dry Weights

Changes in the dry weight of the culture are imgarias they indicate the liquid
culture viability through fungal growth, i.e., biass accumulation of hyphae,
mycelium and microsclerotia (Jackson, 1997; Shea2602). From the dry
weights (actual Mt biomass in the liquid culturbg tvolume of culture required

for each mycoherbicide treatment dose was calallate

From each culture flask, 1 mL of the fungal biomélsgphae, mycelium and
microsclerotia) was filtered through pre-weighdtefipaper in a Buchner funnel
attached to a vacuum flask. After filtering, thétefi paper was placed into an
aluminium dish and dried to constant weight in a°60drying oven (Contherm
Digital series oven, Bio-Strategy Ltd). The dry gl of the filter paper and

culture was recorded and the biomass of Mt in tHeie was determined.
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2.2.6.

Culture Growth on PDA Plates
Plating back liquid culture onto agar plates tdstsh the viability of the Mt
biomass through re-isolation of Mt on agar plated the liquid culture purity,

i.e., for contamination by other fungi or bacteria.

From each culture flask 500 pl of culture was piacethe centre of two PDA
plates. The plates were placed in a clear plasticib the CT room (12 hr/12hr
light/dark cycle, 27 °C) and examined periodicallyensure the cultures were
growing on the plates and that the plates werenclea, no sign of contamination

by other microbes (Figure 17).

Figure 17: Example of liquid culture plated back onb PDA. Plate diameter = 90 mm
(photograph by Author)

Preparation of Mycoherbicide Inoculum

Once the liquid culture biomass was determined4@4y) in the culture flasks,

the flasks were filtered (Whatman hardened ashfdtess, grade 540) in a

Buchner funnel attached to a vacuum flask. Aftkering, the Mt fungal mat on

the filter paper was placed in a Schott bottle @ealf) and re-suspended in the

same volume of water as the filtrate (Figure 18).
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2.2.7.

Figure 18: 500 mL Schott bottle containing Mt fungal mat in re-suspended water
(photograph by Author)

Dose Determination

The chosen treatment doses for the experiments based on the top dose (30
mg Mt/L) known to be effective on alien plants use@ mesocosm trial done by
NIWA. The four chosen dose concentrations were380,15 and 7.5 mg Mt/L.
Not all dose concentrations were used in each erpat and each experiment
had a fresh batch of liquid cultures. In order &edmine the volume of liquid
culture required for the inoculation, the liquidtave biomass, the volume of the
experimental container and the concentration ofrdduired for that volume of
container has to be known. For example, if the erpntal container is a 2L jar
and the dose concentration is 30 mg Mt/L then 60Mhgs required to inoculate
the 2 L jar. If the liquid culture biomass is 20 migymL then 3 mL of the liquid

culture is required to inoculate the 2 L jar.
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2.3. Experiment 1: Lake Seed Bank Germination

2.3.1. Materials and Methods
Mycoherbicide Preparation
Preparation of the mycoherbicide inoculum is dethih Section 2.2.1-2.2.3. The
volume of mycoherbicide inoculum required for eaflthe four mycoherbicide
doses was calculated based on the amount of Mireelj(mg) per 2 L in glass

jars and the concentration of Mt (mg/mL) in theuldjculture (Table 6).

Table 6: Mycoherbicide inoculum calculations

, Mt weight Mt culture Culture volume

Dose required ired . irod f

(mg/L) required per 2L concentration ~ required for

(mg) (mg/mL) inoculation (mL)

60 120 14.2 8.45

30 60 14.2 4.23

15 30 14.2 211

7.5 15 14.2 1.06

Herbicide Preparation

Herbicide concentrations are based on the percerdagive ingredient (Al) of
each herbicide as listed on the herbicide labeble@). Four dose rates for each
herbicide were chosen, an upper concentration septi&g the maximum
recommended label rate, and three doses acrosacegasing dilution series
(Table 8). Latex gloves, breathing apparatus afetysayewear were used when

handling concentrated herbicides.
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Table 7: Active ingredient components and percentags for each herbicide according
to the herbicide label (A) and the active ingrediets concentration calculated
from the Al percentage (B)

A
Active
Herbicide Ingredient  Active Ingredients
(%)
Reglone (Diquat) 20% Diquat cation or diquat dibiaen
Aquathol K (Endothall) 40.30% Dipotassium salt nflethall (endothall acid a.e.)
Sonar AS (Fluridone) 41.70% 1-methyl-3-phenyl-5-[3-(tr|ﬂuoromethyl)phenyl]-
4(1H)-pyridinone
Chelated Copper (K-Tea) Copper as elemental (derived from copper-

. 8% . ; ,
(experiment 4 only) triethanolamine complex and topper hydroxide)
B
Diquat Endothall Fluridone Chelatgd Copper

(experiment 4 only)
20 % in 100 % 40.3 % in 100 % 41.7 % in 100 % &%00 %
200 g in 1000 ml 403 g in 1000 ml 417 g in 1000 ml 80 g in 1000 ml

200 g/L = 200000 ppm 403 g/L = 403000 ppm 417 gA17000 ppm 80 g/L = 80000 ppm

For each herbicide a 50 ppm working solution wast fimade in a 5 L plastic
container. This was achieved by pipetting (epRe$€afEppendorf) 0.5 mL of
each herbicide into the appropriate calculated meluof water (Table 16,
Appendix 1). The volume of water required was dal@d using the formula

below.

Concentrated Solution x Concentrated
Concentration Solution Volume
Diluted Solution Concentration

Diluted Solution =
Volume
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E.g.,Example calculation for diquat

Diluted Solution 200 000 ppm X 0.5mL
Volume 50 ppm

Diluted Solution 2 000 mL

Volume

This experiment was carried out in 2 L jars, wittle dose having 5 replicates.
The four different doses required for each herlei¢iBable 8) were prepared from
the 50 ppm working solution in 10 L plastic buck@is< 2 L jars requires 10 L of
herbicide dose solution). Each herbicide had acd¢eld 10 L bucket with doses
sequentially prepared from most dilute to most eotr@te. The volume of
concentrated working solution required to make 1Q0ofLeach dilution was

calculated using the formula below.

Diluted Solution Diluted Solution
. X
Concentration Volume
Concentrated Solution Concentration

Concentrated =
Solution Volume

E.g. Example calculation for 2 ppm diquat

Concentrated = 2 ppm X 10 000 mL
Solution Volume 50 ppm
Concentrated = 400 mL

Solution Volume
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Table 8: Treatment doses for each herbicide startgp with the maximum label rate
(1) and decreasing in concentration across a diluin series (2-4).

Herbicide Doses

1 2 3 4
Diquat 2 ppm 1.5 ppm 1 ppm 0.5 ppm
Endothall 5 ppm 3.75ppm 2.5 ppm 1.25 ppm

Fluridone 0.15ppm 0.1 ppm 0.05ppm  0.005 ppm

Experimental Set-up and Inoculation

120 mL mixed seed bank material (mixing ratio AplEa5, Chapter 2.1.4) was
placed into each 130 mL plastic sample containab8erV). In total there were
90 plastic containers filled with sediment: 85 fibre experiment and 5 for
determining background germination rates to guldettiming for harvesting of
the experiment. Each plastic container with seetk lbaaterial was placed into a 2
L glass jar (22.8 cm in height) (Arthur Holmes Ltidled with the appropriate
herbicide solution or water. There were four tresitn concentrations per
herbicide (diquat, endothall and fluridone, TabjeaBd mycoherbicide (Table 6),
which were replicated five times. There were alge tintreated control jars. The
jars were set up on a table under controlled l{@4t hr/10 hr light/dark cycles)
and temperature conditions in a Constant Temperai@i) room (20°C). All
treatments and controls were randomly assignechéo2t L jars and to their
positions on the table. Once the jars were in placeemperature / light logger
(Onset HOB® pendant temperature / light logger) was placed dmte of the jars
and an aeration frame (made by Jim Patmore, NIWW) aeration tubes (5 mm

diameter) were submerged in the solution of eac(Hgure 19).
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The temperature remained constant in the jars ¢mawt the experiment at 21.8
°C. The light intensity decreased slightly towattle end of the experiment.
However, the average PAR (photosynthetically actadiation) intensity for the

light period was 30.4mol/n¥/s.

Aeration (air compressor,(Brooklands V.I.P Pet Riots, New Zealand)) was
started after 24 hr to allow the mycoherbicidedtils. The evaporative losses in
the jars were topped up weekly with the approprisebicide solution. Only a

very small volume (ca 50-100 mL) was used for togpip each time.

Figure 19: Experimental layout of inoculated jars wth lake sediment in the CT room
with the aeration frame in place (photograph by Auhor)

Harvesting

The five jars for background germination rates whesvested (i.e. emerged
germlings above the sediment were carefully rempgednted and identified) at
different time intervals to determine when thergenvsufficient germlings present

(20+) for all the jars to be harvested (ca. 35 Ylays
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Harvesting of the experiment jars 36 days afteastinent involved a systematic
strategy, so as to remove potential timing biasis Mias done by harvesting
successive replicates (replicate 1 followed byicapd 2, replicate 3, etc.) from
each herbicide (diquat, endothall and fluridonel anycoherbicide and the
control. Each sediment pot was placed under a bght source (Leica CLS

150X) and emerged germlings (visible germlings &badlkie sediment) were
carefully removed, together with the attached oospdhere possible, and placed
into glass petri dishes. The germlings were thentifled to species level under a
stereo microscope (Leica MZ 9.5) (up to 60% magation) using vegetative and

oospore characteristics, counted and recorded.

Statistical Analyses

Comparison between dose rates and the controirteswt

An ANOVA (GenStat 13 Edition) was used to identify any significant
differences (p < 0.05) and linear trends within leebicide dose rate series. Two
post-hoc tests (t—distribution test and Dunnet&)twere used to distinguish any
significant differences between the control andheaf the treatment doses for

each herbicide.

47



2.4. Experiment 2: Sieved Oospore Germination

2.4.1. Materials and Methods

Mycoherbicide Preparation

Preparation of the mycoherbicide inoculum is dethih Section 2.2.1-2.2.3. The
volume of mycoherbicide inoculum required for eawththe 4 mycoherbicide
doses was calculated based on the amount of Mt @ag)ired per 0.5 L in plastic

containers and the mg/mL concentration of cultiidTable 9).

Table 9: Mycoherbicide inoculum calculations
Dose required Mt weight Mt culture Culture volume
(m /E) required in 0.5L concentration required for
9 (mq) (mg/mL) inoculation (mL)
60 30 19.08 1.57
7.5 3.75 19.08 0.197

Herbicide Preparation

The herbicide preparation calculations are the sasna Experiment 1 and the
dilution table for each of the herbicide treatmdases can be found in Table 17,
Appendix 1. For this experiment there were only teacentrations used for each
herbicide: diquat (0.1 ppm and 2 ppm), endothall (fpm and 5 ppm) and
fluridone (0.005 ppm and 0.15 ppm). For each hatbia 50 ppm solution was
made first in 10 L containers. The 2 different heide doses required for each
herbicide were made in 25 L jerry cans from thggpt solution to allow for half
of the herbicide and water to be exchanged dailgdoh of the experimental

containers. Each herbicide and dose had its owy ¢gan (6 x 25 L jerry cans).
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Experimental Set-up and Inoculation

120 mL Mixed seed bank material (mixing ratio Bblea5, Chapter 2.1.4) was

measured and carefully sieved through 250 um afdus0 sieves. The oospores
and debris collected in the sieves were placedantoge glass petri dish and any
floating debris was decanted off. The contentdefetri dish were then emptied

into a 500 mL container and the appropriate heibitieatment was added.

In total there were 50 containers (500 mL plastvith sieved sediment, 45 for
experiment and 5 for determining background gertionarates prior to

harvesting the main experiment. There were 2 treatntoncentrations per
herbicide; diquat (0.1 ppm and 2 ppm), endothall (fpm and 5 ppm) and
fluridone (0.005 ppm and 0.15 ppm) and mycoherkigidd5 mg/L and 60 mg/L,
Table 9) and one control. Each treatment and cownias replicated 5 times. All
treatments and controls were randomly assignecéoptastic containers. The
containers were set-up under controlled light (6710 hrs light/dark cycles) and
temperature conditions (20 °C) in the CT room. Aperature and light logger
was placed in an extra 500 mL plastic containdedilwith water and placed

adjacent to the experimental containers (Figure 20)

The temperature remained constant in the jars a022C throughout the
experiment. Initial low light at the beginning difet study was due to positioning
of the logger. Initially the probe remained in d Zar from experiment 1 for 8
days then was subsequently placed in the elev&@drh water container (same

height as experimental containers) where it stalysmlighout the experiment. The

49



average light period when the probe was in theeobrposition was 122.74

pmol/mé/s.

Figure 20: Experimental layout of the treated sievedlake sediment, the 5 extra
containers and the container with the temperature ad light probe
(photograph by Author)

Herbicide/Water Exchange

A peristaltic pump (Watson-Marlow 504S) had inigidbeen planned to keep the
concentration constant in the 500 mL containerswéi@r, the tubing stream
divider system (Pulse Instrument Ltd) set-up did altow the pumping to work

evenly and the containers would have received rdiffe volumes of the

herbicides. Given the experimental timeframe, aamstconcentrations were
instead maintained manually by daily herbicide (dij endothall and fluridone)
and water exchange (mycoherbicide and controlyeatinent containers. Each
container had the appropriate half herbicide andiater content replaced daily to
ensure a sustained treatment concentration of ptediaroughout the study. This
was carried out by carefully siphoning out half tetents (250 mL) from each
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container into a waste bucket. The experimentaltatoers then had the
appropriate herbicide and water siphoned slowlyefisure minimal disturbance
within the container) back into the containers éplace the removed solution
(Figure 21). The herbicides used for herbicideaepment came from the ‘stock

solutions’ made in the jerry cans.

Figure 21: Herbicide and water removal (A) and repl@ement (B) (photographs by
Author)

Harvesting

The 5 extra containers were harvested (i.e. getednaospores were carefully
removed from debris using tweezers, counted andtifaml) at different time
intervals to determine when sufficient germlingsrevpresent (100+) for all the

experimental containers to be harvested (ca. 38)day

Harvesting of the oospores from each 500 mL coataBd days after treatment
was systematic, so as to remove any potential gnfiias. This was done by

harvesting successive replicates (replicate 1 viatb by replicate 2, replicate 3
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etc) from each treatment and the control contain@esminated oospores were
carefully removed from the containers by gentlyirsif through the debris using
tweezers under the stereo microscope and placedgiass petri dishes. The
germlings were then identified to species levelarna stereo microscope (up to
60x magnification) using vegetative and oosporeradtaristics, counted and

recorded.

Statistical Analyses

Comparison between dose rates and the controirteswt

ANOVA (GenStat 12 Edition) was used to identify any significant difénces (p
< 0.05) within each treatment dose for each heatbicifwo post-hoc tests (t —
distribution test and Dunnett's test) were useddistinguish any significant
differences between the control and each of thatrtrent doses for each

herbicide.
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2.5. Experiment 3: Outdoor Germling Response

2.5.1.

Materials and Methods

Mycoherbicide Preparation

Preparation of the mycoherbicide inoculum is dethih Section 2.2.1-2.2.3. The
volume of mycoherbicide inoculum required for eawththe 4 mycoherbicide
doses was calculated based on the amount of Mt gerg)20 L in tanks required

and the mg/mL concentration of cultured Mt (Tabl. 1

Table 10: Mycoherbicide inoculum calculations
Dose required Mt weight required Mt culture_z Cultur_e v((j)lfume
(mg/L) per 120 L (mg) concentration ~ required for
(mg/mL) inoculation (mL)
60 7200 12.8 564.71

Herbicide Preparation

Herbicide preparation calculations are the samethase in Experiment 1.
However, for this experiment there was only oneceotration (maximum label
rate) for each herbicide: diquat (2 ppm), endotf&lpbpm) and fluridone (0.15
ppm). The calculated volume of herbicide (Table &w&¥ added directly to 120 L

tanks.
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Table 11: Dilution table for herbicide treatment dcses based on concentration of active

ingredient (Al)
Diluted Diluted Concentrated Concentrated
Solution Solution Solution Solution
Concentration. Volume. Concentration. Volume.

Herbicide ppm Al mL ppm Al mL
Diguat 2 120 000 200 000 1.200
Endothall 5 120 000 403 000 1.489
Fluridone 0.15 120 000 417 000 0.043

Experimental Set-up and Inoculation

120 mL mixed ‘seed bank’ material (mixing ratio Pable 5, Chapter 2.1.4) was
placed into each 130 mL plastic sample contaimetotal there were 300 sample
containers filled with sediment. All the sample tners with seed bank material
were placed in the outdoor water trough (NIWA Rualu(Figure 23) to
germinate and grow into well established germli(3.5 weeks preculture). A
water temperature and light logger was placed enttbugh and the trough was

covered with 90 % shade cloth (R.J Reid Ltd, AuctllaNew Zealand).

The temperature remained constant at 21.2 °C iprdeulture trough during the
initial germination and growth of the charophytergkngs. The light intensity
varied slightly reflecting changing ambient radati The daylight hours

decreased with the changing of the seasons frormgurto autumn (Figure 22).
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Figure 22: Temperature, daytime PAR imol/m?/s) and daytime hour profiles recorded
in the preculture trough covered with 90% shade clth for 75 days
Figure 23: Sediment pots within the concrete trougHor charophyte germination and

germling establishment prior to treatment (photogrgh by Author)

At the start of the experiment, 10 random germpots were removed to establish
pre-treatment biomass of the charophyte germlifigs. remaining germling pots
were relocated into 120 L tanks with 10 germlingspplaced in each tank. The
germling pots were placed in the tanks in a systiemaay whereby one pot was

placed into each of the 25 tanks then the secohd/@® placed into each tank and
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so on until 10 pots were in each tank (Figure Z4jis prevented any potential
tank bias by separating adjacent pots from theuytivge trough. The tanks were

located in an open greenhouse in NIWA’s compourfduatkura.

Figure 24: Placement of 10 germling pots in one 120tank (A). Experimental layout of
the 120 L tanks covered with 50 % shade cloth in NWA greenhouse (B).
(photographs by Author)

Treatments and controls were randomly assigneddb ef the 25 120 L tanks,
with 5 replicates for each herbicide (diquat, 2 pgmdothall, 5 ppm; fluridone,
0.15 ppm), the mycoherbicide (60 mg/L) and the st After treatment,
temperature and light loggers were placed into tWfterent tanks. The water
temperature declined over the 10 week period frooarad 20 °C to 14 °C (Figure
25). There was little to no variation in the wakmperature between the different
tank positions. Light intensity under the combirstthde of the greenhouse and
shade cloth averaged between 1.5 and 2 PAR anddvaomewhat according to
the position of the tanks (Figure 25). The dayligbturs steadily decreased with

the changing of the seasons from autumn to winter.
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Temperature, daytime PAR imol/m?/s) and daytime hour profiles recorded
in the 120 L tanks under the greenhouse in the midd (Tank 23) and end
(Tank 25) tanks over the 10 week experimental perib

Figure 25:

The tanks were covered with 90 % shade cloth (Eigi# B) andaerated by
compressor via 5 mm tubing and airstones. The @xpet ran for 10 weeks with
two harvests of 5 pots from each tank, one at &ke/e@d the other at 10 weeks.
Weekly visual observations (height, plant healteneral tank conditions, i.e.
water clarity and algal growth) were performed atletank over the 10 week

period.

Harvesting

At 5 weeks and 10 weeks, 5 germling pots were naryleelected and removed
from each tank. The pots were placed under thealkght source and visible
germlings were carefully removed using tweezerse garmlings from each pot
were rinsed and placed in the centre of a pre-veeighnfoil sheet (Caterers Fall,
James Gilmour & Co Ltd, Mt Roskill) which was théaided securely. The foil

sheets were placed into an 80 °C drying oven (GnthThermotec 2000 series
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oven, Bio-Strategy Ltd) and dried to constant weighore than 24 hrs). The foil
sheets were weighed (x 0.0001 g), initial foil weigeducted, and the charophyte

biomass determined and recorded.

Statistical Analysis

Comparison between herbicide treatments:

An ANOVA (GenStat 13 Edition) was used to identify any significant
differences (p < 0.05) between the different treatta (control, diquat, endothall,
fluridone and mycoherbicide) and two post-hoc t€$iskey test and Dunnett’'s
test) were used to distinguish any significanted#hces between the control and

each of the treatments.
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2.6. Experiment 4. Germling Response to Herbicides and l§aecide

2.6.1. Materials and Methods
Mycoherbicide Preparation
Preparation of the mycoherbicide inoculum is dethih Section 2.2.2-2.2.4. The
volume of mycoherbicide inoculum required for eawththe 4 mycoherbicide
doses was calculated based on the amount of Mt {mg)L glass jars required

and the mg/mL concentration of cultured Mt (Tab?. 1

Table 12: Mycoherbicide inoculum calculations
Dose required Mt weight required Mt culture_z Culture _vo(ljufme of
(mg/L) per 2 L (mg) concentration ~ required for
(mg/mL) inoculation (mL)
60 120 31.9 3.760
26.25 52.5 31.9 1.645
7.5 15 31.9 0.470

Herbicide Preparation

The herbicide preparation calculations were theesasithose in Experiment 1
and the dilution table for each of the herbicidsatment doses can be found in
Table 18, Appendix 1. For this experiment a chelatepper algaecide (K-Tea)

was also used.

For each herbicide a 50 ppm solution was made incentainers first. The 3
treatment doses required for each herbicide (TaBlewere made from the 50

ppm solution in 10 L plastic buckets (5 x 2 L jaegjuire 10 L of herbicide dose
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solution). Each herbicide had a dedicated 10 L buekith doses sequentially

prepared from most dilute to most concentrate.

Table 13: Treatment doses for each herbicide and ghecide starts with the max label
rate (1) and decreasing in concentration across dldtion series (2-3)

Herbicide Doses

1 2 3
Diquat 2 ppm 1.05 ppm 0.1 ppm
Endothall 5 ppm 2.55 ppm 0.1 ppm
Fluridone 0.15 ppm 0.0775 ppm 0.005 ppm
K-Tea 1 ppm 0.75 ppm 0.5 ppm

Experimental Set-up and Inoculation

120 mL mixed seed bank material (mixing ratio Bpl€ab, Chapter 2.1.4) was
measured and placed into each of 130 plastic sacgpiginers (Labsefy. The
sample containers were placed into 2 water-filleshtainers (110 L storage
organiser containers). Ten days later 60 plastigpséa containers were filled with
120 mL mixed seed bank material each and 3 x 15.amajorapical shoots were
planted into the sediment of each container (Figiée The 10 day time delay
was to reduce the amount bf major shoot growth while the sediment pots
germinate. If the shoots grow too much in heigbiytmay not be able to fit in the
experimental jars. Thie. major pots were placed into a water- filled containdr (6
L storage organiser container) until the contaimas full and the remaining
unplacedL. major pots were placed into open spaces in the two gegnmot
containers (Figure 26). The 3 water containers vpdsieed in the CT room (14
hr/10 hr light/dark cycle, 20 °C), aerated and séewtemperature and light logger

was placed in each. All 190 containers remainethén3 water filled containers
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until the oospores had germinated (42 days). Thgpeéeature remained constant

at 19.56 °C in the containers. The average lighibgavas 5.0umol/n¥/s.

Figure 26: Sediment pot preparation (A) and placemenof pots in water containers in
the CT room (B) (photographs by Author)

80 germling pots were placed into 2 L jars afterngmg height above the
sediment surface was recorded andL30najor pots were placed into 2 L jars
after L. major shoot heights above ground were recorded. 20 renggli. major

pots were used for pre—treatment biomass measuterfsae Harvesting below),
however, pre—treatment biomass of charophytes veasmeasured as it was

negligible.

For the charophyte germling jars there were 3 mmeat concentrations per
herbicide: diquat, endothall fluridone (Table 18)ycoherbicide (Table 12) and
algaecide (chelated copper) (Table 13) and untleaiatrol. For thé.. majorjars

there was only one treatment dose (max label rp&F) herbicide (diquat,
endothall, fluridone mycoherbicide) and algaecidee(ated copper) (Table 12-

13). Each treatment and control was replicatedn®edi All treatments and
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controls were randomly assigned to the 2 L jarse Jdrs were set-up under
controlled light (14 hr/10 hr light/dark cycles withe average light period in the
experimental jars of 36.60mol/m?/s PAR) and temperature (averaged 20.34 °C)
conditions and once the jars were in place, a temype and light logger was
placed into two separate jars and the aerationdrégae Chapter 2) was put in

place. Aeration was started after 24 hrs to alltv tycoherbicide to settle

(Figure 27).

Figure 27: Experimental set-up of the 2 L glass jarsvith sediment pots andL. major
pots in the CT room after inoculation (photograph ly Author)

Harvesting

Plants were harvested after 14 days. Harvestintpeofgermling biomass arid
major biomass in each 2 L jar involved a systematideyg so as to remove any
potential timing bias, by harvesting successivdicafes (replicate 1 followed by
replicate 2, replicate 3 etc) from each herbicidiguyat, endothall, fluridone and
mycoherbicide) and algaecide (K-Tea) and the cantHarvesting of the
experiment involved removing the germling pot.omajor pot from each jar and
measuring the height of the charophyte germling Bndnajor shoots above

ground. The germling biomass was placed onto prighed (+ 0.0001 g) foil

62



(Caterers Foil, James Gilmour & Co Ltd, Mt Roski#iheets whilé.. major shoots
were placed into separate brown paper bags (Ntodk bottom (heavy duty), E

C Attwood Ltd, Manakau). The foil sheets and papags were placed into an 80
°C drying oven (Contherm Thermotec 2000 series p#o-Strategy Ltd) and
dried to constant weight (more than 24 hrs). The dbeets were weighed (+
0.0001 g), initial foil weight deducted, and theaadphyte biomass determined
and recorded. The. major shoots were weighed (+ 0.0001 g) (without bag) and

recorded.

Statistical Analysis

Comparison between dose rates and the controirtess:

ANOVA (GenStat 12 Edition) was used to identify any significant difénces (p
< 0.05) within each treatment dose for each hatbicand two post-hoc tests (t —
distribution test and Tukey test) were used to imisish any significant
differences between the control and each of thatrtrent doses for each

herbicide.
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Chapter 3

3. Experiment 1. Lake Seed Bank Germination

3.1. Introduction
The objective of this chapter is to examine whettier three herbicide and
mycoherbicide products negatively impacted oospgeemination from lake
sediment and whether sensitivity differed betwedraraphyte species. The
experimental hypothesis is that charophyte gernanatill not be affected by
herbicide or mycoherbicide treatments at concentratrepresenting potential

application rates.

This experiment involved placing aliquots of mixeeked bank material into glass
jars and treating with three herbicides (diquatdathall and fluridone), a
mycoherbicide and an untreated control. Each hieidi@and mycoherbicide
treatment had four dose concentrations which werdied as a pre—emergent

application.
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3.2. Results
Mycoherbicide Culture
The liquid culture used for inoculation had a mgmerotia count of 2.7 x 10
%/mL, a biomass of 14.2 mg/mL and a zero spore colm liquid culture placed

onto PDA plates grew with no sign of contaminati@able 19-22, Appendix 2).

Experimental Harvests

Observations

Two weeks after treatment, the colour in charophjes treated with the
mycoherbicide was yellow-green, indicative of algedwth compared to the rest
of the treated charophyte jars (Figure 28). The dope of the mycoherbicide

treated jars generally had the darkest yellow-gostour development.
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Figure 28: Example observations of water colour twoweeks after treatment. (A)
Colour difference of Jars 58, 70 and 82 which wergeated with 7.5, 30 and
15 mg/L of mycoherbicide respectively. (B) Jar 7@reated with 60 mg/L of
mycoherbicide, with yellow algae growth (photograpk by Author)
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Germination and Species Count

The germination for the mycoherbicide treatment adolwer overall germination

count than all the other treatments (except thett@rand endothall-treated jars
had the highest germination count (Figure 29, Tab#lg. There were two

treatments; diquat and endothall, which showednaali trend of decreasing
germination count with increasing treatment dosewever, there was a general
tendency for the highest dose in most treatmentdyding the mycoherbicide) to

have a lower germination count. According to past kests (t-distribution test),

there were two treatment doses; endothall 1.25 g@penfluridone 0.1 ppm, which

had a significantly higher germination count thia@ tontrol (Figure 29).

For the species count there were no linear trendssa the treatment dose series
(Table 14) and there were no significant differenbetween the control and any

of the treatment doses according to the t - téstgife 29).

Table 14: Statistical analysis of linear trends (AMDVA p < 0.05) across the dose series
Treatment Germination count Species count
Diquat 0.038 0.555
Endothall 0.045 0.709
Fluridone 0.293 0.524
Mycoherbicide 0.302 0.312
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Species Sensitivity

N. leonhardii

The germination count in all treatments had eithermilar or lower germination

count (mycoherbicide and endothall treatment jats¢n compared to the control
jars (Figure 30). This is supported by the t-dmttion test when each of the
treatment doses were compared with the controlvstgothere were 5 herbicide
doses; endothall 3.75 and 5 ppm, and mycoherbitie80 and 60 mg/L, which

had significantly lower germination counts than tentrol (Figure 30). There

was a lot of variation between the replicates (he. high standard error of the
means). Endothall was the only herbicide to shosigaificant relationship with

dose, but this was a decreasing linear trend witheasing dose amount (Lin p <

0.05).

N. aff. cristata

The germination count for each herbicide treatrmead similar or higher than the
control (Figure 30). There were no linear trendthinieach treatment dose (Table
15). Fluridone at 0.05 ppm had a significantly kght- distribution test)

germination count than the control case (Figure 30)

N. hyalina

The germination count faX. hyalinawas the highest in the endothall treatments
while the mycoherbicide treatments had the lowestgnation count (except the
control) (Figure 31). However, there were no lingands within each treatment
(p >0.05) (Figure 31, Table 15). In comparison witle control (t- distribution
test) there were four treatment doses; endoth2Hl, 2.5, 3.75 ppm and fluridone
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0.1 ppm, which had a significantly higher germiaaticount than the control

(Figure 31).

N. pseudoflabellata

TheN. pseudoflabellatgermination count was higher in the diquat, enalb#mnd
fluridone treatments than the mycoherbicide treatsieand the control jars
(Figure 31). There were no linear trends within hedeatment (Table 15).
However, diquat at 1 ppm, endothall at 2.5, 3.7%p/ and fluridone at 0.005,
0.1 ppm, were significantly different (increasedngmation count) to the control

using the t- distribution and/or Dunnett’s tesig{ie 31).

C. globularis

There was generally a low&. globularisgermination count in the diquat and
fluridone treatments compared with the endothadhtinent. There were two
treatments, endothall and fluridone, which had arekesing linear trend with
increasing dose amount (Table 15). The top doseagdh treatment generally had
a lower germination count. According to the t-disition test, there were only
two treatment doses, diquat 2 ppm and endothalb Ippm, which had
significantly lower and higher germination counespectively, than the control

(Figure 31).
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Table 15: Statistical analysis of linear trends (AMDVA p < 0.05) across the dose series
Treatment Nitella Nitella aff. Nitella Nitella Chara
leonhardii cristata hyalina pseudoflabellata  globularis
Diquat 0.173 0.095 0.176 0.921 0.054
Endothall 0.048 0.701 0.150 0.250 0.046
Fluridone 0.656 0.440 0.991 0.277 0.017
Mycoherbicide 0.632 0.827 0.194 0.838 0.619

Average N. leonhardii germination
count

Average N. aff. cristata
germination count

Figure 30:

Fluridone (ppm) Mycoherbicide
(mg/L)

Treatment and Dose

Mycoherbicide
(mgiL)

Treatment and Dose

Germination count within all treatments. (A) N. leonhardii, and (B) N. aff.
cristata * = t-distribution test p < 0.05,* = Dunnetts test p < 0.05. Cntrl is
control. Treatment dose means +/- 1 SE
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Average N. hyalina germination

Average N. pseudoflabellata
germination count

Average C. globularis germination
count

Figure 31:
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Cntrl Diquat (ppm) Endothall (ppm) Fluridone (ppm) Mycoherbicide

(mg/L)
Treatment and Dose

Germination count within all treatments. (A) N. hyalina, (B) N.
pseudoflabellataand (C) C. globularis * = t-distribution test p < 0.05,* =
Dunnetts test p < 0.05. Cntrl is control.Cntrl is Control. Treatment dose
means +/- 1 SE
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3.3. Discussion

In this experiment the oospore germination wasneggatively impacted by any of
the herbicide treatments or doses. This resultsigasficant implications for the
use of these herbicide products in our lakes antkrways for invasive weed
management as it would mean that the herbicideustedcan be used with more
confidence that they are not affecting native cphyte germination negatively.
Although the results showed no negative impact ospore germination, there
were two treatments; endothall (1.25 ppm) and dlime (0.1 ppm) which had a
better germination count compared with the conftedistribution test). The
reason behind the better germination count in tbatéd jars is highly debatable
and could just be part of the natural variatiowaspore germination and a chance

statistical event.

There were frequent examples of germination coumtseated jars being higher
compared than the control depending on the spatiiesugh the species-specific
results were highly variableN. leonhardii had a lower germination count
compared with the control in the endothall, flunéo and mycoherbicide
treatments. This apparent species sensitivity tbitide treatments would require
further investigations as the potential for hedbgcimpact on one species and not
the others could have long-term implications fa@ldiapplication of herbicides.
For example, the selection of one species oversitwuld cause a potential loss
of species diversity in the characean meadows #sawen impact on potential

regeneration where a sensitive species dominagesettd bank.
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There were two challenges with the mycoherbicideatment. Firstly the
mycoherbicide treatments developed algal growtltlvibbated the sediment pots.
The benthic algae growing in the mycoherbicidetinemt jars may have induced
lower oospore germination counts, as was shownstudy by Van den Bergt

al. (2001) whereCharacf. asperahad low germination rates due to the sediment
having high redox values caused by benthic algggex production. Secondly,
the mycoherbicide culture did not produce any spavben plated back, which
indicates that the Mt isolate used was not virulentpathogenic; meaningful
conclusions cannot be drawn from the germinatisunlte. The spore count of the
liquid culture used was only known several daysratie liquid culture had been
used, as the liquid cultures plated on water agkes seven days to produce
spores. The choice of liquid culture was basedherother viability tests (Section

2.2.5) which all indicated that the fungal isolased was viable.
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Chapter 4

4. Experiment 2: Sieved Oospore Germination

4.1. Introduction
The objective of this chapter is to examine whetliee herbicide and
mycoherbicide products negatively impact oosporesngation when directly
exposed to the herbicide treatments and whethesitséty differs between
charophyte species. The experimental hypothedisaischarophyte germination
will not be affected by herbicide or mycoherbicideatments at concentrations

representing potential application rates.

This experiment involved placing aliquots of siewmiked seed bank material
(oospores and large debris) into containers anatitige with three herbicides
(diquat, endothall and fluridone), a mycoherbicated untreated control. Each

herbicide and mycoherbicide treatment had two doseentrations.
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4.2. Results

Mycoherbicide Culture
The liquid cultures used for inoculation had a wsxierotia count of 2.27 x 10
%/mL, a biomass of 19.9 mg/mL and a zero spore cauve plated liquid cultures

on PDA plates were free of contamination (Table2B3Appendix 2).

Experimental Harvests

Observations

Six days after treatment, the specialised vegetgiropagules oN. aff. cristata
started to germinate in some of the containers.dBy 12 the debris in the
containers treated with 2 ppm diquat was more wello colour compared to all
the other treatments. By day 13 and 14 the mycadidebinoculum of the highest
dose was slightly green in places and air bubbkggped in the inoculum were
causing some of the inoculum to lift off the sednin@-igure 32). By day 23 the
mycoherbicide inoculum in the lowest dose startmiift off the sediment surface

due to trapped rising air bubbles.

Figure 32: Mycoherbicide highest dose container 14 ays after treatment. The
mycoherbicide inoculum is floating on the surfaceghotograph by Author)
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Endothall 0.1 ppm

g
—

Figure 33: Herbicide treatment doses, control and dxa containers before harvest at 28
days after treatment (two of the five replicate cotainers) (photograph by
Author).
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Germination and Species Count
There were no differences in either the germinaborspecies count when the
treatment doses were compared against the contiaist(ibution test and

Dunnett’s tests) (Figure 34).
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Figure 34: Germination count (A) and species countB) within all treatments. There
were no statistically different results as indicatd by t-distribution test and
Dunnett’s test. Treatment dose means +/- 1 SE
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Species Sensitivity

N. leonhardii

The germination count for all four treatments haglnailar or higher germination
count than the control containers (Figure 35). €heere no statistical differences
(t-distribution test) in the germination count wheach treatment dose was

compared with the control (Figure 35).

N. aff. cristata

The germination count for the mycoherbicide treathveas lower than the rest of
the treatments and the control (Figure 35). In camspn with the control (t—
distribution test), diquat at 0.1 ppm was the otrlgatment dose that had a

significantly higher germination count than the ttoh(Figure 35).

N. hyalina

The germination count for the mycoherbicide treathveas lower than the rest of
the herbicides (excluding the control) (Figure 3B)comparison with the control

(t-distribution test and Dunnett’s test), there evervo treatment doses, endothall
at 0.1 ppm and fluridone at 0.15 ppm, which had ignificantly higher

germination count than the control (Figure 35).

N. pseudoflabellata
The germination count for all four treatments hddgher germination count than
the control containers (Figure 36). When the treatndoses were compared with

the control (t—distribution test) there were tweattiment doses, diquat at 0.1 ppm
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and mycoherbicide at 60 mg/L, which had a signiftba higher germination

count than the control (Figure 36).

C. globularis

The germination counts for diquat and fluridoneateel containers were lower
than the control or mycoherbicide treated contain@figure 36). When the
treatment doses were compared with the controldfrolution test and Dunnett’s
test) there were three doses, diquat at 0.1, 2gphfluridone at 0.15 ppm, which

had significantly lower germination counts than toatrol (Figure 36).
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Figure 35: Germination count within all treatments. (A) N. leonhardii (B) N. aff.
cristataand (C) N. hyalina. * = t-distribution test p < 0.05,* = Dunnett’s test
p < 0.05. Treatment dose means +/- 1 SE
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Figure 36: Germination count within all treatments. (A) N. pseudoflabellateand (B) C.
globularis. * = t-distribution test p < 0.05,* = Dunnett's test p < 0.05.
Treatment dose means +/- 1 SE
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4.3. Discussion
In this experiment the oospores were directly egdd® constant herbicide dose
concentrations. In addition, removing lake sedimeotild have reduced both the
microbes that would potentially degrade the hedaisiand the possibility of the
diquat cation binding to negatively charged clag aediment particles (Chapter

1.2.1), therefore increasing exposure of oospargsdducts.

The oospore germination and species count wasagattively impacted by any of
the herbicide treatments or doses. Similarly whHendata for each species was
evaluated independently, there were frequent exasnpl germination counts in
treated containers being higher compared with timérol. HowevelC. globularis
had a lower germination count compared with thetrobrin the diquat and
fluridone treatments. This apparent species seitgitivould require further

investigations as noted above for Experiment 1.

The lack of impact on the germination of the exposespores in the containers
may be due to natural variation in oospore gernonaand imparted resistance of
dense oospore cell walls. Charophyte oospores thgsie multilayered cell walls
which are thought to make them resistant againsicdation and grazing
(Casanova, 1991, 1997; Leitch, 1989), therefore, tbsistant cell walls of
oospores may also provide protection from herbgidefluridone experiment on
charophyte oospore germination (Burkhart & Strok890) showed that the
oospore germination was unaffected by the fluriddreatment even at the
maximum treatment dose (10 ppm). This result wandlai to the results obtained

in the present study.
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As in the first experiment, there were two challengvith the mycoherbicide
treatment. Firstly, the mycoherbicide treatmenisaagntly promoted algal growth
(discoloured) and trapped air bubbles in the inoeullifting it off the sediment.

Secondly the mycoherbicide culture did not prodacy spores when plated
which indicates that the Mt isolate used was nailent or pathogenic. This may

preclude interpreting any meaningful conclusioasrifithese results.
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Chapter 5

5. Experiment 3: Outdoor Germling Response

5.1. Introduction
The objective of this chapter is to examine whethemot the herbicide and
mycoherbicide products negatively impact charoplygemling growth. Features
of germlings/young charophyte plants may make thmore susceptible to
herbicide effects than oospores. The aquatic heddscused in New Zealand
(diguat and endothall) and fluridone have modesaaifon which disrupt and
inhibit photosynthesis which could have detrimemfibcts on young germlings
as they are now reliant on their photosynthetiagyneources for survival rather
than their starch reserves. The experimental hgsighis that germling

charophyte species are not susceptible to herbarideycoherbicide treatments.

This experiment involved placing germling pots imtstdoor tanks and treating
each with the maximum label rate according to tleufacturer’'s specifications
for optimal dosage for each herbicide (diquat, ¢maldb and fluridone),
mycoherbicide and a control. The treatment doseamnation was applied as a
post—-emergent application. The experimental reswire obtained from

harvesting at two different time intervals; 5 weeksl 10 weeks.
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5.2. Results

Mycoherbicide Cultures

The liquid cultures used for inoculation had a wscierotia count of 0.13 x 10
%mL, a biomass of 12.75 mg/mL and a zero spore tcoline plated liquid
cultures on PDA plates were free of visible contation (Table 27-30,

Appendix 2).

Visual Observations

Diquat

For the first three weeks of the experiment theas wo observable diquat effect
on any of the germlings in the five treated tanks,detectable germling height
increase, and the water in the tanks remained .cBgrweek 4 there was
noticeable algal growth on the wall of the tankd #me germlings were coated in
algae (Figure 37). Between weeks 5 and 10 the gegmremained coated in
algae and the water clarity declined. There wasoiiceable germling height

increase.

Endothall

For the first week of the experiment the waterhia tanks was cloudy, although
this cleared by week 2 when there was noticealdeviing of sediment surface
and some germlings were slightly brown in colouy. \Beek 4 there were algae
growing on the tank walls and some germlings weate wvhile others were
growing in height (Figure 37). By week 7 noticeabshore germlings were

growing in the tanks, and this trend continuedlurgivest (week 10).
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Fluridone

For the first two weeks of the experiment, the watewo of the five tanks was
slightly cloudy. By week 4 there were algae growamgthe tanks walls and on the
water surface in one of the tanks (Figure 37). Bsekv5 the majority of the
germlings were slightly coated in algae. It wasyoby week 7 that some
germlings began to increase in height and by we@kmbst germlings had

increased in height.

Mycoherbicide

For the first week of the experiment the germlimgspand the tank walls in all 5
tanks were coated in inoculum and the water wasgdgldor the first week after
treatment. By week 2 the water was only slightlgudy but no germlings were
visible in the pots due to the heavy coating ofcuiom. Bioturbation by
chironomids was observed in some of the pots. Bgkwg the inoculum coating
was turning brown, the water was clearing and 4hef 5 tanks had mosquito
larvae in them. By week 4 there were algae codtiegtank walls and germlings
were observed (Figure 37). Water clarity had dedim one of the tanks by week

6 and by week 8 the water clarity had declinedur fout of five tanks.

Control

For the first week of the experiment the tanks watas clear and there was no
noticeable change in the germlings. By week 2 theas noticeable browning of
sediment surface and some germlings were slightiyb in colour. By week 4

there were algae growing on the tank walls and sgenmlings were beginning to
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grow (Figure 37). Over the successive weeks morenlgegs were noticeably

growing.

Diquat Endothall

N .
T S L N 7
z% %

:

Fluridone Mycoherbicide

Control

Figure 37: Experimental tanks four weeks after treament (one of the five replicate
tanks) (photographs by Author)

Biomass
In comparison to the initial pre—treatment germlibgpmass (23.96 mg) all

treatments had decreased in biomass by the 5 vegekdt. At the week 5 harvest,
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the average charophyte biomass differed signifigafp < 0.001) between
treatments with biomass in the diquat and mycokgtbitreated tanks, which
were significantly lower than the control and eiddittreated tanks (Tukey test).

This is supported by Dunnett’s test (Figure 38).

Ten weeks after treatment, only the control andbdrall treatments had a higher
biomass compared with the initial pre—treatmentriaiss. The average charophyte
biomass differed significantly (p < 0.05) betweesatments, with biomass from
the diquat, fluridone and mycoherbicide treatedksdmeing lower than the control
and endothall treated tanks. This was supportedhbyDunnett’'s test, which
showed two treatments, diquat and mycoherbicidel bkignificantly lower
charophyte biomass than the control (Figure 38),vims not supported by the

Tukey test.

m 5 week harvest @ 10 week harvest
40 -

35 | A A
30

25 4

Average Charophyte dry weight (mg)

20 *
A
154 p
*
10 | a
5 N
0 4
Control Diquat Endothall Fluridone  Mycoherbicide
Treatments
Figure 38: Charophyte biomass recorded for the 5 and0 week harvest. .Letters =

Tukey test significance at 5% and = Dunnett’s test significant at 5%. Solid
line is pre—treatment dry weight (23.96 mg). Treatrant means +/- 1 SE
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5.3. Discussion

In Lake Wanaka during the 1970s, ‘double spraywofgdiquat was carried out to
control L. major weed beds. Double spraying involved two successearbicide
applications in an attempt to control the re-grottat occurred on the. major
stems after the first spray (Clayton, 1986). Tisisone example of a treatment
scenario that may result in exposing new charopliggenlings, (which have
emerged from the sediment after the first herbiedplication) to the herbicide.
This present study examined germling susceptikiititherbicide treatments at the
maximum label rate according to the manufacturspecifications for optimal

dosage alongside untreated control germlings.

In this germling experiment (outdoor tanks), therere no sustained herbicidal
effects on treated charophyte germlings after 1@kw&e This was despite two
treatments (diquat and mycoherbicide) having logemmling biomass compared
with the untreated control tanks, at five weekgrafteatment. All the germlings
had reduced biomass at the five week harvest cadpaith the pre—treatment

biomass and treatment may have temporarily retagdeailing growth.

Despite the use of a purified product comprisinghglal mycelium, the

mycoherbicide treatment appears to promote algadoarbacterial development.
Also, with no spores isolated in the viability ggstvhich indicates low virulence,
these side-effects are likely to be driving theuaml germling performance with

this treatment.
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Several theories may explain the negative biomesslts. One theory is that the
initial shock of being transplanted from the prdtae tank to the experimental
tanks may have resulted in reduced biomass. Chyieplare delicate and easily
damaged when handled due to large turgid cells lwken snap and collapse
(Coffey & Clayton, 1988). In a growth study by Casea (1994) damage from
handling during transplantation may have affecttd growth rates of the
charophytes wherC. australis required 70 days of adjustment in the new
environment whileN. sonderidid not grow well and many individuals died.
Another theory for reduced biomass is that someogigte species may grow
better under winter conditions than summer conagtidA final theory is that the
coating of algae (epiphytic algae) on the germlimghe diquat-treated tanks may
explain the low germling growth; however, this islyo speculative. Epiphytic
coating on plant leaves (which may deactivate aqyat present) has been shown
to suppress macrophyte growth by interfering widrbon uptake, as well as
affecting photosynthesis and reducing oxygen diffusrates (Clayton &
Champion, 2003). A specific example includes a ystddne onPotamogeton
perfoliatuswhich demonstrated th&. perfoliatusheavily coated with epiphytic
algae had significantly reduced chlorophyll a, abgwound biomass
accumulation and net photosynthesis compared Ritlperfoliatuswithout an

epiphytic algal coating (Asaeda et al., 2004).
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Chapter 6

6. Experiment 4: Germling Response to Herbicides and l§aecide

6.1. Introduction
The objective of this chapter is to examine whethemot the herbicide and
mycoherbicide products negatively impact charophgéemling growth. The
experimental hypothesis is that germling charopBpiecies are not susceptible to

herbicide or mycoherbicide treatments.

The experimental work involved placing germling dndmajor pots into glass
jars with three herbicides (diquat, endothall alidone), a mycoherbicide, an
algaecide (chelated copper compound) and an uetreaintrol. The.. majorjars
were treated with one dose (maximum label rate raaog to the manufacturer’'s
specifications for optimal dosage) while the chasdp treatment jars were
treated with three doses for each for the herbsside/coherbicide and algaecide.
All doses were applied as a post—emergent appitaifihe experiment ended

with harvesting of germling anld majorbiomass after 2 weeks.

This germling experiment had two controls. One mmnised a chelated copper
algaecide known to be efficacious against charagsh{@Guha, 1995; Leslie, 1990)
to ensure the charophyte germlings did not exhibielated effects. The second
control for the experiment used a known target wemeties (. majon to test if
the treatment concentrations applied were herdieidd that no unrelated effects
occurred. Chelated copper compounds are plantt@eitants that disrupt cell

membranes (Netherland, 2009) and are known tarkilisive weeds especially if
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combined with another herbicide, for example, ehdibt{Durborow et al., 2007).
The response of the green shoots of the target weewhjor to diquat, endothall
and fluridone, is known from several New Zealandd&s where diquat and
endothall have complete efficacy on the green shobt.. major causing total
collapse to occur (Clayton, 1986; Hofstra & Clayt@001b; Wells & Clayton,
1993) while fluridone bleaches only the new growisigpots on plant stems
causing, some of them to turn purple while the oéshe plant generally remains

green and healthy (Hofstra & Clayton, 2001a; Wetlal., 1986).
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6.2. Results

Mycoherbicide Culture
The liquid cultures used for inoculation had a mwsoierotia count of 1.1 x 10
%/mL, a biomass of 29.77 mg/mL and a zero spore tcdune plated liquid culture

grew well and had no visible contamination (Takle33, Appendix 2).

Lagarosiphon major

Observational Data

Over the two-week period of the experiment thers wa observable impact on
the L. major shoot in the control and mycoherbicide treated s the shoots
remained healthy and green. Four days after tredtrtteel.. major shoots treated
with diquat and endothall turned brown and by daymost of the shoots were
dead, although there were noticeably healthy chees growing in the pots with
the dead.. majorshootsL. major shoots treated with fluridone remained healthy
and green with pink tips developing after 12 d&mur days after treatment the
major shoots treated with K-Tea showed darkening leddurowhile the stem
remained a healthy light green colour. Over time ttarkened leaves became
flaccid (day 12) and limp (day 14) while the stemained healthy and new side

shoots began to grow (Figure 39).
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Diquat Endothall

K-Tea Control

Figure 39: Lagarosiphon majorjars 14 days after treatment (one of five replica jars
shown) (photographs by Author)
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L. major Shoot Height Above Sediment

There was an increase In major shoot height above sediment level for the
control, fluridone, mycoherbicide and chelated eapfK-Tea) treated jars. Only
diquat and endothall decreaséd major shoot height and there were no
recoverable shoots two weeks after treatment (EigQ).
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Control Diquat Endothall ~ Fluridone Mycoherbicide K-Tea
Treatments
Figure 40: L. major pre and post treatment height (cm) above sedimenilreatment

means +/- 1 SE

Biomass

In comparison to the initial pre—treatment biom&<$2 g) only the control,
fluridone and mycoherbicide treated jars showedeiases in.. major biomass
over the experimental timeframe (Figure 41). Digaad endothall treatment
achieved complete control, with no. major biomass recovered from these
treatments. In comparison with the control (t- rlgttion test) diquat, endothall
and chelated copper treated jars had a significémtter biomass while fluridone

treated jars had a significantly higher biomasgyFe 41).
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L. major dry weight (g)
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Figure 41: Average L. major biomass (g) 14 days after treatment (DAT). Treatrms

means +/- 1 SE. * = t-distribution test significane at 5%, ** = t-distribution
test significance at 1%. Solid line is pre-treatmeindry weight (0.62 g)

Charophyte

Observational Data

With the exception of the chelated copper treatpmaist of the treated pots had
germlings present throughout the two week experiaigreriod with noticeable
oospore germination and new germlings developirigg germlings treated with
chelated copper were mostly brown, opaque and aatd only a few new
germlings beginning to emerge through the sedirbgrthe end of the experiment

(Figure 42 and Figure 43).

Figure 42: Control treatment 14 days after treatment(one of five replicates shown)
(photograph by Author)
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Figure 43: Herbicide treatment dose 14 days after #atment (one of five replicates
shown) (photographs by Author)
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Charophyte Height Above Sediment
Replicates showed highly variability of charophlgght (Figure 44) where most
of the germlings measured at the end of the exgerirvere shorter in height

(Figure 44).
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Figure 44 Charophyte pre and post treatment heigh{cm) above sediment. There were
no statistically different results as indicated byt-distribution test and Tukey
test. Cnitrl is control. Treatment dose means +/- $E
Biomass

The charophyte biomass was lower in the chelatpgpeartreatments than all the
other herbicides and the control (Figure 45). Tiveeee no significant differences
(p > 0.05, Figure 45) in charophyte biomass withaich treatment. Both endothall
and mycoherbicide treatments had a higher charepbyimass in the top dose
compared to the other two doses while in the cogpsstments charophyte

biomass was negligible.
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Figure 45:

Cntrl| Diquat (ppm) Endothall Fluridone | Mycoherbicide| K-Tea (ppm)
(ppm) (ppm)

Treatment and Dose

Charophyte biomass 14 days after treatmenCntrl is control. Treatment
dose means +/- 1 SE
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6.3. Discussion
This germling experiment used treatments of difierenerbicides and
concentrations alongside untreated control gerraliagd two positive controls, a
charophyte treatment control (chelated copper camgpfor the germlings and a

target plant controll( majon for the herbicides.

The germlings in the charophyte control treatmenitelated copper) died as
expected. Chelated copper is an algaecide andd®as used routinely to control
charophytes in other countries. This confirmed titetrophytes were susceptible
to herbicide effects under the experimental coadgiused in this study. The
major plants in the herbicide response control dieduyalicand endothall) or had
herbicidal symptoms (fluridone and copper) whichrevall indicative of known
herbicide effects oh. major plants, especially with the fluridone treatmemicsi
fluridone is a slow-acting herbicide (45+ days) dhd length of the experiment
(ca. 2 weeks) may have limited the potential oéftect onL. majorbiomass. The
L. major plants treated with mycoherbicide showed no signfection which is a
likely due to cultures not producing spores, intliigathat the Mt isolate used was
not virulent or pathogenic. Presence of Mt was icordd, however, by plates

prepared from treatdd major (Appendix 3).

The charophyte germling biomass results indicateat only one treatment
(chelated copper, K-Tea) negatively impacted them@ieg biomass. The
charophyte height above sediment (excluding chetled@per treatment) indicated
that the germlings were probably slightly affectedhis experiment (decrease in

height), but the effects were masked by regeneratib new plants through
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germination of oospores still in the seed bank.sThesult has significant
implications for the use of these herbicides presluc lakes and waterways for
invasive weed management because if successivaciderbapplications are
carried out, germling establishment is still likely be supported by continual
germination from the sediment. However, the de@@agrmling height may be a
result of handling the germling pots when measuhamhts and transferring the

pots from the water containers on the floor toglzess jars on the table.

The charophyte biomass differences within the tneats in this germling
experiment could be part of the natural variation germling growth. For
example, chance timing of germination may drive téerences in the
composition of germlings, such as, the plants wéHiest germination could gain
a competitive advantage (Casanova & Brock, 1990Mdeton et al., 2000).
Nevertheless, the variable results within the tmesits were not significantly

different from the control.
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Chapter 7

7. Conclusion

7.1. Summary
The results of the research presented in this ghesiicate that oospore
germination was not negatively impacted by the tgpeerbicide used at any of
the potential field application rates. Species wi®itg was evident in these
results, however, the cause or mechanism for $hi®i currently understood. It is
possible that there was sensitivity to the herlgisidr a combination of naturally
occurring factors. The potential for species seiiitto herbicide use in lakes
remains unclear. However, if herbicide use impaais species and not the others
this could have long term implications for fieldpdipations, such as the selection
of one species over others. This could cause ardoroe of certain more resistant
charophyte species, resulting in the localised losspecies diversity in the
characean meadows as well as seed banks. Of mutghths the localised nature

of any such response, given the relatively shantad times of herbicide use.

Similarly, the germling growth in all treatmentsenvthe five to ten week period
(outdoor experiment) has positive implicationsfield applications of herbicides
as it indicated no sustained herbicidal effectstreated charophyte germlings.
Only the diquat treatment showed a temporary negatnpact on germlings

biomass compared with the untreated control gegslin

Under controlled temperature and light conditioharophyte germlings were not

negatively impacted by the type of herbicide (exadmelated copper) used at any
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of the potential application rates. Both of the tcols (chelated copper on
germlings and herbicides dn major) indicated that the response of charophyte
germlings and.. major to their respective herbicide treatments werexageeed.
Handling of the germlings may have contributedhe teduced germling height
between the pre- and post-treatment; however, tiddbieffects cannot be ruled

out.

There have been numerous field observations wheve hindicated that the
aquatic herbicides used in the present study heaga buccessful on target weeds
and have shown little to no impact (i.e. injury toms or biomass reduction) on
established charophyte meadows (Clayton, 1986; talay Tanner, 1988;
Hofstra & Clayton, 2001b; Leonard & Creenland, 196%arling et al., 1974;
Wells et al.,, 1986). However, their impact on cati early life stages of
charophyte species was untested. To date germfidgpaspore germination has
received relatively little study therefore the mneisstudy sought to provide insight
into what effects, if any, herbicide and mycohed®c products have on
charophytes germination, germling susceptibilityd aspecies response. In this
study the oospore germination and germling respbiase positive implications
for field application of herbicides as they indedhat the timing of herbicide
applications to lakes and waterways for invasiveadiq plant management is not
crucial for charophyte survival. This is because §ounger growth stages
(oospores and germlings) were unaffected, espgciadl the long term
(germlings). For management implications given saene level of target weed
control (i.e. the level of target weed control ist rompromised by product
choice), the use of one product over another do¢éonfer any advantage or

benefit to native charophyte regeneration.
103



7.2. Future Work
Several areas requiring further investigation wédentified by this thesis
research. One question is to elucidate speciestisépswith respect to product
choice. Specifically to determine reproducibilitpddor causal mechanisms for

this sensitivity.

An option for testing species sensitivity to herbécwith regards to germination
would be a variation of Experiment 1, whereby osepavould be extracted from
the sediment and separated out into their diffespeties. The extracted oospores
would then be replaced either directly back inarik sediment or into mesh bags
and then into sterile sediment. Each species wbelglaced in its own separate
experimental container. The lake sediment wouldteelised by autoclaving to
prevent any oospores and other propagules in tdieneat from germinating.
Therefore, only the extracted oospores placed enstidiment after sterilisation
would germinate. Similarly the second germinatiomeziment from this thesis
research could be repeated but with the sievedonesseparated by species and

placed into separate containers.

For the germling experiments, further research doiudvolve a different
experimental method which would minimize the hamgllof the germlings. In
addition, to test effects on germlings without @comal germination from the
sediment, the sediment would require the oospavebet extracted, sediment
sterilized and the oospores placed back directly the sediment or into mesh

bags and then into the sediment.
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The method of extracting and identifying oosporas, well as testing their
viability is time consuming and in some cases matybe feasible. Care has to be
taken when handling oospores as too much handlamages them. The long
timeframe for extracting, identifying and testingetviability of oospores may
result in premature germination of the oosporesaestd first. When testing
species sensitivity only one or two species woddble to be experimented on in

parallel.

The shorter timeframe (ca. 2 weeks) in the fourttpeeiment (germling
experiment) may have influenced the fluridone rssals fluridone is a slow-
acting herbicide (45 days) and the full effectsha fluridone treatment may not
have been seen. Therefore, this experiment may toeleel repeated over a longer

experimental timeframe.

Finally, in all the experiments there was an onggmoblem with the virulence
and pathogenicity of the Mt isolate used, as thkuc produced no spores.
Therefore, no conclusions could be drawn from that relative to the original
hypothesis. It would be beneficial to repeat thpegixnents using an Mt isolate

that was virulent and pathogenic.

In conclusion, the results of this thesis indichi&t charophyte oospores are able
to germinate from the sediment after being treatid herbicides although some
species-specific sensitivity was found. Charophgermlings were initially
slightly susceptible to herbicide treatment or Hemgdbut this was short lived as

the germlings recovered and continual oospore getioin was observed from
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the sediment. Further research into species-specdsponses to different
herbicide products is essential as species sdhsitould result in a loss of
charophyte species diversity. The future reseandpgsed here will expand
current knowledge of the effects of herbicides barophytes and the potential for

use of a mycoherbicide in control of invasive aguplants in New Zealand.
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Appendix 1: Dilution Tables for Herbicide Treatment Doses

Table 16: Experiment 1: Dilution table for herbicide treatment doses based on
concentration of active ingredient (Al)
Diluted . . Concentrated  Concentrated
) Diluted Solution . .
Solution volume Solution Solution
Concentration Concentration Volume
Herbicide Ppm Al mL Ppm Al mL
Diquat 50 2 000 200 000 0.5
2 10 000 50 400
1.5 10 000 50 300
1 10 000 50 200
0.5 10 000 50 100
Endothall 50 4 030 403 000 0.5
5 10 000 50 1 000
3.75 10 000 50 750
2.5 10 000 50 500
1.25 10 000 50 250
Fluridone 50 4170 417 000 0.5
0.15 10 000 50 30
0.1 10 000 50 20
0.05 10 000 50 10
0.005 10 000 50 1
Table 17: Experiment 2: Dilution table for herbicide treatment doses based on
concentration of active ingredient (Al)
Diluted . . Concentrated Concentrated
) Diluted Solution . .
Solution Volume Solution Solution
Concentration Concentration Volume
Herbicide Ppm Al mL Ppm Al mL
Diquat 50 2 000 200 000 0.5
2 25 000 50 1 000
0.1 25 000 50 50
Endothall 50 4 030 403 000 0.5
5 25 000 50 2 500
0.1 25000 50 50
Fluridone 50 4170 417 000 0.5
0.15 25 000 50 75
0.005 25 000 50 25
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Table 18:

Experiment 4: Dilution table for herbicide treatment doses based on

concentration of active ingredient (Al)

Diluted . . Concentrated Concentrated
) Diluted Solution . .
Solution Volume Solution Solution
Concentration Concentration Volume
Herbicide Ppm Al mL Ppm Al mL
Diquat 50 2 000 200 000 0.5
2 20 000 50 800
1.05 10 000 50 210
0.1 10 000 50 20
Endothall 50 4 030 403 000 0.5
5 20 000 50 2 000
2.55 10 000 50 510
0.1 10 000 50 20
Fluridone 50 4170 417 000 0.5
0.15 20 000 50 60
0.0775 10 000 50 155
0.005 10 000 50 1
K-Tea 50 3200 80 000 2
1 20 000 50 400
0.75 10 000 50 150
0.5 10 000 50 100

117



Appendix 2: Mycoherbicide Culture Evaluation Resuls

Experiment 1

Culture flask 3 was used for mycoherbicide inocgafatn Experiment 1

Table 19: Mt microsclerotia counts at 10 fold diluton rate
Flask 50 ul sample 50 ul sample Ave per 50 pul M®¥mL
1 7 12 9.5 1.9
2 3 9 6 1.2
3 11 16 13.5 2.7
4 8 8 8 1.6
5 1 0 0.5 0.1
6 3 4 3.5 0.7
Table 20: Mt culture dry weights (wt) per mL of culture, three replicates per flask
. Filter + Mt wt Average Mt wt
Flask Filter wt (m Mt wt (mg/mL
(mg) (mg) (mg/mL) (mg/mL)
1 26.7 41.3 14.6
27.1 39.5 12.4
26.5 41.3 14.8 13.9
2 27.1 40.7 13.6
27 40.7 13.7
26.8 40.2 134 13.6
3 27.1 40.3 13.2
26.9 41.4 14.5
26.3 41.2 14.9 14.2
4 27.2 38.5 11.3
27.4 37.8 104
26.6 36.6 10 10.6
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Table 21: Spore counts from spore plates (WA platg¢st the 10 fold dilution rate

Flask Plate 1 Plate 2 Spores Xl
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
Table 22: Mt growth on PDA plates. Growth = yes (Y) no (N)
Clean/
Flask Plate 1 Plate 2 Contaminated
1 Y Y Clean
2 Y Y Clean
3 Y Y Clean
4 Y Y Clean

Experiment 2

Culture flasks 1 - 3 were used for mycoherbicidgiration in Experiment 2

Table 23: Mt microsclerotia counts at 10 fold diluton rate
Flask 50 ul sample 50 ul sample Ave per 50 pul M®¥mL
1 9 5 7 1.4
2 18 20 19 3.8
3 9 7 8 1.6
4 3 5 4 0.8
5 2 0 1 0.2
6 1 1 1 0.2

Average of flasks 1-3plded) = 2.27 x 1G/mL
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Table 24: Mt culture dry weights (wt) per mL of culture, three replicates per flask

. Filter + Mt wt Average mg wt
Flask Filter wt (m Mt wt (mg/mL
( g) (mg) ( g ) (mg/mL)
1 26.6 44.3 17.7
26.7 44.9 18.2
26.4 46.1 19.7 18.53
2 27 45.9 18.9
26.5 46.6 20.1
26.6 46.5 19.9 19.63
3 27.3 49.9 22.6
27.3 46.5 19.2
27.3 49.7 22.4 21.40
Average Mt weight per mL of culture = 19.9 mg/mL
Table 25: Spore counts from spore plates (WA platg¢st the 10 fold dilution rate
Flask Plate 1 Plate 2 Spores x*fL
1 0 0 0
2 0 0 0
3 0 0 0
Table 26: Mt growth on PDA plates. Growth = yes (Y) no (N)
Flask Plate 1 Plate 2 Clean / Contaminated
1 Y Y Clean
2 Y Y Clean
3 Y Y Clean
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Experiment 3

All culture flask were used for mycoherbicide intation in Experiment 3

Table 27: Mt microsclerotia counts at 10 fold diluton rate

Flask 50 ul sample 50 ul sample Ave per 50 pul M®¥mL

1 4 1 2.5 0.5
2 2 0 1 0.2
3 1 0 0.5 0.1
4 0 1 0.5 0.1
5 0 0 0 0
6 0 1 0.5 0.1
7 0 0 0 0
8 1 2 15 0.3
9 0 0 0 0
10 0 1 0.5 0.1
11 1 0 0.5 0.1
12 2 2 2 0.4
13 0 0 0 0
14 1 0 0.5 0.1
15 0 0 0 0

Average of all flasks = 0.13 x onL
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Table 28:

Table 29:

Mt culture dry weights (wt) per mL of culture, one sample per flask

: Filter + Mt wt Mt wt
Flask Filter wt (mg) (mg) (mg/mL)
1 27.4 46 18.6
2 28.3 34.2 5.9
3 27.7 35.6 7.9
4 28.2 44.3 16.1
5 28.3 43.9 15.6
6 27.8 39.9 12.1
7 27.9 41.6 13.7
8 27.1 31.6 4.5
9 27.3 39.8 12.5
10 27.1 41.6 14.5
11 27.1 39.5 12.4
12 27.1 44.2 17.1
13 27.5 41.6 14.1
14 27.1 44.1 17
15 275 36.8 9.3

Average Mt weight per mL of culture = 12.8 mi§/m

Spore count from spore plates (WA platesjt the 10 fold dilution rate

Flask

Plate 1

Plate 2

Spores X'l

O©CoO~NOOTA~,WNPRE

ecNeoleoolololNeololololNolNeNolNoNo)

eNoNeoNoloNoNolololoNoNeoNoNoNe)

ecNeoNeooloNoNeolololoNoNeNolNoNe)
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Table 30: Mt growth on PDA plates. Growth = yes (Y) no (N)

Flask Plate 1 Clean / Contaminated
1 Y Clean
2 Y Clean
3 Y Clean
4 Y Clean
5 Y Clean
6 Y Clean
7 Y Clean
8 Y Clean
9 Y Clean

10 Y Clean
11 Y Clean
12 Y Clean
13 Y Clean
14 Y Clean
15 Y Clean

Experiment 4
Culture flasks 1 and 4 were used for mycoherbiadeulation in Experiment 4

based on microsclerotia count and dry weights eflitjuid cultures.

Table 31: Mt microsclerotia counts at 10 fold diluton rate
Flask 50 pl sample 50 pl sample Ave per 50 pl MBS XmL

1 5 7 6 1.2
2 4 4 4 0.8
3 2 1 1.5 0.3
4 5 5 5 1

5 0 1 0.5 0.1
6 2 3 2.5 0.5

Average of flasks 1 and #dlded) = 1.1 x 10/mL
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Table 32: Mt culture dry weights (wt) per mL of culture. Three replicates for the first
two flasks and one sample for the remaining flasks

Flask Filter wt (mQ) Filter + Mtwit Mt wt (mg/mL)
(mg)
1 27.3 55.7 28.4
27 54.6 27.6
26.3 53.2 26.9
2 26.4 59.1 32.7
26.6 58.5 31.9
27.2 59.2 32
3 27.1 60.5 334
4 27.5 63.7 36.2
5 27.2 53.2 26
6 27.8 65.5 37.7

Average of flasks 1 and #dlded) = 29.77 mg/mL

Table 33: Spore counts from spore plates (WA platg¢st the 10 fold dilution rate
Flask Plate 1 Plate 2 Spores x*iaL
1 0 0 0
2 0 0 0

NB. Flask 4 had no spore counts done

Table 34: Mt growth on PDA plates. Growth = yes (Y) no (N)
Flask Plate 1 Plate 2 Clean / Contaminated
1 Y Y Clean
2 Y Y Clean

NB. Flask 4 had no growth plates done
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Appendix 3: Re-isolating Mt from Mycoherbicide Treated L.

major Jars

Rose Bengal Agar (RBA) plates were inoculated wittier from each of the five
treated mycoherbicidé. Major jars, where each jar had three replicate plates
(Table 35, Figure 46). There were four positiveultsson the RBA plates where

seven Mt colonies grew.

Table 35: Water from the mycoherbicide treatedL. major jars plated onto RBA plates
(three plates per 2L jar) (x = no Mt)

L. majorjar Plate 1 Plate 2 Plate 3
1 X X X
2 X X X
3 X X X
4 X 3 putative Mt 1 putative Mt
colonies. colony
5 2 putative Mt 1 putative Mt "
colonies colony

Leaves of Mt-treatetl. majorwere plated onto PDA to test for Mt on the leaves.
There was confirmation that Mt was present on #avés when Mt was isolated
back from most of the plated leaves. There was ong treatment jar which had

no Mt growth from the plated leaves (Table 36, Fegd6).
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L. major leaves, from 5 mycoherbicide-treated.. major jars, plated onto
PDA plates (3 plates per 2L jar) (x = no Mt, #/# leaes = No. of leaves with

Mt present/No. of leaves plated)

Table 36:

Plate 1 Plate 2 Plate 3

3/3 leaves 3/3 leaves 3/3 leaves
4/4 |leaves 3/3 leaves 2/3 leaves

X 1/3 leaves 1/4 leaves
2/3 leaves 3/3 leaves 3/3 leaves
X X X

Plating water and leaves fromL. major jars treated with mycoherbicide.
Pink plates are RBA plates and creamy yellow plateare PDA plates. Each
picture shows three replicate RBA and PDA plates pejar treated with

mycoherbicide (photographs by Author)

Figure 46:
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